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Preface 

This report has been prepared with two objectives in view: 

1.) To provide a general picture of the single point machining 

characteristics of titanium alloys for use of practical engineers in 

the workshop. 

2-) To provide results and discussion primarily of interest to 

those engaged in research. 

The introductory chapter should be of interest to both groups. 

The second chapter is primarily for practicing engineers and con- 

tains a summary and the conclusions of this report. The supporting 

data and discussion of these data are presented in the remaining chapters 

of the report and should be of most interest to those engaged in re- 

search into the machining characteristics of titanium alloys. 
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Chapter 1 
INTRODUCTION 

Titanium is a metal of the tin group. of the periodic table that 

resembles iron in many of its properties. Although: titanium is the fourth 

metal in abundance in the earth's crust,. it-is difficult to win from its 

ores due to its unusually high reactivity _at.elevated temperatures. Titanium 

dioxide or rutile (TiO2) and iron titanate..ar. ilmenite (FeTi0,) are the chief 

sources of the metal. At present titanium.metal is produced by chlorinating 

the ore in the presence of carbon-at high. temperature to form TiCl which is 

then reduced with molten magnesium to form MgCl, and titanium. The resulting 

sponge titanium is divided into small particles or. chips by milling, and 

separated from the excess magnesium and magnesium chloride associated with 

its reduction. It is then melted in arc furnaces..to make large ingots of 

titanium or titanium alloys. 

While titanium alloys have properties that. make them very attractive 

for certain structural applications, the high cost ofthese alloys in the 

past has precluded their use in engineering structures. Before the rela- 

tively recent interest in developing structural titanium alloys the chief 

uses of titanium compounds were as metallurgical. deoxidizers and denitro- 

genizers to improve the toughness.of steel.alloys, as white pigments in 

paints and ceramics,. and in dyes and mordants.for: paper and textiles. 

The structural alloys of titanium. are ductile, light in weight, and 

have good fatigue properties and corrosion. resistance... An idea of the 

general properties of titanium may be obtained from Table 1 where a number 

of characteristics of commercially pure titanium. are compared with those 

for SAE 1020 steel, 18-8 stainless steel. and 75ST. aluminum. The specific 

weight of titanium is but 2/3 that of steel.and only. 60% greater than that 

of aluminum. The strength of titanium.on the. other hand is far greater 

than that for aluminum being of the same order of magnitude as that for 

alloy steels. These weight-strength praperties of titanium alloys give 

them the highest strength-weight ratio of any structural material. Titanium 

is seen to be intermediate between steel and aluminum in tensile and shear 

stiffness. 
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Table 1 Properties of Commercially Pure 

Titanium and Other Structural Metals 

Property 

Structure 

Specific Weight Q; 
1lb/cu in 

Ultimate tensile 
strength (annealed) , 
psi 

Youngs modulus, E, 

psi x 10 A 

Shear modulus, G. 

psi x 10~¢ 

Melting point, °F 

Coefficient of linear 

expansion, per °F 
4 10 4 

Thermal conductivity, 

ky BTU/in 2 /secY(*P/in) 
x 10 4 

Specific heat, c 
BIU/1b/°F 

Volume specific heat, 
Rc, BIU/in.$ /oF 

Thermal diffusivity, 

K =F, , in ~/sec. 

kPc, (BTU/in *°F) */sec 
x 10¢ 

Metal 

75A SAE 1020 — 

Titanium Steel 

18-8 
Stainless Steel 

75ST 
Aluminum 

FCC 

0.10 

021 

-076 

34 
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While titanium alloys have very high. melting points that would suggest 

great temperature. stability and high temperature strength.these alloys are 

somewhat disappointing. in this regard... The rapid decrease inthe yield and 

ultimate stresses of two titanium alloys is shown.»in.Fig..1 together with 

similar data for 18-8 stainless steel. Fig. 2 shows the rapid. decrease in 

Young's Modulus of .elasticity and hardness that accompanies an-increase in 

the temperature of a titanium alloy... The leveling off of the curves of 

Figs. 1 and 2 in the.temperature region. from $00. to.'700.F is..similar to that 

found in the blue brittle range with steel and is due-to:the:same cause 

(strain aging). 

The thermal properties of. titanium alloys are unusually poor, and 

account to a large extent for the difficulties that are. experienced in 

machining them. Before titanium alloys entered. the structural picture the 

stainless steels were the most.difficult materials machined from the point 

of view of adverse thermal properties. The. value of (kfe) which is the 

thermal combination of importance with regard to :tool tip.temperature was 

among the lowest values in. the stainless steels and this made: it necessary 

to machine these materials at reduced-.speads... Titanium is seen to have a 

far lower value .of (kfc). than stainless steel. and.hence must be machined 

at even lower values.of speed. While the thermal conductivity and specific 

heat for titanium are about the same as those for. 18-8 stainless steel, the 

very low specific weight for titanium makes .the.value of (kfc) much less 

than that for stainless steel. 

The coefficient of expansion of titanium alloys is low, being even 

less than that for steel. 

Pure titanium has a hexagonal close packed. (HCP). lattice structure at 

room temperature, similar to. that. found in..cadmium, zine,. and magnesium alloys. 

An allotropic transformation occurs at. about 1625F where: the low temperature 

HCP structure changes into a body centered.cuhic structure. (BCC) similar to 

that found in iron and steel at ordinary temperatures... These allotropic 

forms of titanium are designated OC and. 7 respectively and the change 

from one to the other occurs relatively slowly... 

Titanium alloys in the medium alloy..range.(3 to 10% alloy content) 

usually consist of mixtures of the oc and. structure at :room temperature 
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due to the tendency for alloying additions: to make the Ci 2 oC transforma- 

tion more sluggish... When the alloy content is high (i.e.,.15 to 20% Cr) 

completely G titanium alloys can be produced that are the: structural 

counterparts of the austenitic stainless steelsin. steel technology. 

Practically all of the. present titanium.alloys of commercial interest are 

a mixture of the HCP and BCC structures... It.is. difficult to differentiate 

from CG titanium in a photomicrograph, but. polarized light is heipful in 

this regard. 

The atomic. arrangements for the. HCP and:.BCC structures are shown in 

Fig. 3. The chief importance of crystal structure. lies: .in the influence upon 

the flow and fracture characteristics. of the material. Plastic deformation 

results from the movement of one layer of. atoms over another rather than due 

to the change in:spacing of atoms within a.plane...Any plane that can be 

passed through the atoms in the lattice is a potential slip'»plane. However, 

those planes that contain.the greatest density of atoms (and hence those for 

which the spacing of adjacent planes is ‘a:maximum) will. be the planes on 

which slip can occur most easily and the directions of easiest slip will lie 

in the directions of maximum atom density within the plane. 

In a polycrystalline material the lattice structures of individual 

crystals will be oriented differently, and.in order’ that: a.material deform 

at low stress and be ductile it is necessary. that there be a‘ large number 

of planes and directions of easy slip. 

The number of planes and directions of. easy slip is.usually less in the 

case of HCP materials. such as zinc, cadmium,..and magnesium than for those 

materials that have a BCC structure such.as..iron...In addition to slip, HCP 

materials frequently deform by twinning, a- mode of deformation normally not 

as readily influenced by temperature as is. slip.. .The HCP materials are 

usually less ductile than iron. Normally the basal.plane-ABC A'B'C! 

(Fig. 3) is the plane of easiest slip for.HCP. metals, and-there are relatively 

few of these planes. However, in the case of titanium, the. relative value 

of c to a is sod small that the prismatic planes ABDE are actually planes 

of easier slip. (i.e., have smaller spacing). than are the basal planes. 

There are many more prismatic planes than basal -planes.and:. hence HCP titanium 

is far more ductile than would be expected from the fact that it has a HCP 
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structure. As the alloy content of a titanium alloy is increased distance 

ec increases relative to.a.(Fig. 3). In most. commercial titanium alloys we 

have a mixture of the HCP and BCC structures, and:.since.the HCP material in 

titanium is of a more ductile variety we should expect the flow and fracture 

properties.of titanium alloys to more closely resemble those of BCC iron than 

those of ordinary HCP zinc. The low alloy content titanium alloys that 

have an oC structure are not very ductile. but. retain, their strengths to 

higher temperatures. than do the more ductile alloys that consist of the of 

and C arrangements. 

The position with regard to titanium alloys might be summarized approx- 

imately as.follows.. In order .to obtain materials of. high strength and 

ductility for structural purposes. it is necessary to. make-alloying additions 

to titanium.. These slow down the@ — OC. .transformation.to such an extent 

that either a pure oe structure or.an OC.and. @ .strueture-results. The 

greater the amount of the C phase the. .greater will.be.the tendency for the 

strength of the titanium to decrease.with increased. temperature. It would 

thus appear that..high strength titanium alloys are predominantly materials 

that have a strong tendency to show-.a decrease in strength with increase 

in temperature. At room temperature these materials deform predominantly 

by slip and should be expected.to exhibit. flow and fracture characteristics 

similar to those of steel. 

While commercially pure titanium-undergoes..an allotropic transformation, 

it cannot be hardened by heat treatment. .It can, however, be hardened by 

cold work and it is found that the titanium alloys have about the same 

tendency to work harden as ordinary structurak steels. ~The difficulties 

experienced in machining and grinding titanium alloys cannot therefore be 

attributed to an increased. tendency to work harden. 

The chemical -composition of the titanium:alloys of this investigation 

is given in Table 2. The 75A alloy is the commercially pure material while 

the other alloys might be.characterized as alloys.of::low,: medium, and high 

strength respectively... While this material has an ultimate strength of 

104,000 psi, really pure titanium would. be. mach softer and have an ultimate 

tensile strength of only about 50,000 psi... While Ti.'75A cannot be heat treated 
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Table 2 Composition of Titanium Alloys Investigated 

Alloy 

Designation 

Ti-75A 

Ti~1lOOA 

RC-130B 

Ti-140A 

it can be work hardened, and the effects of work hardening can in turn be re- 

moved by annealing at about 1250F. Another nonheat-treatable alloy is Ti 100A. 

Titanium that has been highly worked by rolling, drawing or other means 

will develop a pronounced texture or preferred crystal orientation as will 

other metals having a HCP structure. In the case of rolled © titaniun, 

the prismatic planes of slip (ABDE in Fig. 3) tend to become aligned with 

the direction of rolling and this results in a greater strength in the 

direction of rolling than in the transverse direction. 

The effects of cold working titanium can be removed by a full strain 

recrystallization treatment. This can be accomplished by heating the 

material to 1100 to 1300 F for up to one hour. A strain relieving treatment 

without recrystallization can be given a titanium part by holding it ata 

temperature between 650 to 1000 F for up to one hour. 

Alloys that contain relatively large quantities of chromium, molybdenun, 

aluminum, manganese,..or iron in solution can.be quenched and age hardened. 

In this case the chromium and iron tend to stabilize the 6 (BCC) form of 

titanium at room temperature. For example, the Ti 140A used in this investi- 

gation is seen in Table 2 to contain 1.80% Cr, 1.70% Mo and 2.04% Fe. These 

additions make it possible to harden the alloy by adjusting the cooling rate 

in the range from 1700 to 1400°F where the fa) -—oc phase transformation 

normally occurs. The RC 130B alloy is seen in Table.2 to contain manganese 

and aluminum as the principal alloy additions. 

Amounts of carbon up to 0.15% will remain in solution and will increase 

the strength of the alloy without loss of ductility. The small carbides 

that form with carbon contents between 0.15 and 0.20% are reported to have a 
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grain refining tendency and hence may be beneficial... A carbon content in 

excess of 0.2% is generally conceded to be objectionable due to the high 

abrasive wear associated with the titanium carbides that precipitate 

throughout the matrix. 

Titanium has some interesting chemical. properties. Its normal valence 

is four and the metal is characterized by a strong tendency to react with 

compounds containing nitrogen, oxygen, carbon and halogens, particularly at 

elevated temperatures. This makes it difficult to refine titanium since it 

has a strong tendency to react with the usual: refractory materials. 

At elevated temperatures nitrogen and oxygen diffuse readily into 

titanium. Hydrogen will also diffuse into titanium alloys and cause em— 

brittlement. For this reason it is important that hydrogen not be used 

in furnaces as. an inert or reducing atmosphere. 

The titanium alloys. have excellent corrosion resistance toward most 

chemical reagents and are completely immune to attack in sea water. 

Hydrofluoric acid is about the only material to attack titanium alloys at 

ambient temperature and this. acid is used in metallographic etches for 

titanium alloy surfaces. Titanium alloys are attacked by sulfuric and 

hydrochloric acids at elevated temperatures but are completely safe from 

attack in nitric and other oxidizing acids. Titanium probably owes its 

good corrosion resistance to the presence of a close-knit oxide film that 

forms immediately upon a fresh titanium surface. 

The mechanical properties of the titanium alloys of this investiga- 

tion are summarized in Table 3. Standard laboratory test procedures were 

used in collecting all of these data. 

True stress-strain tensile curves are.shown..in Fig. 4. The slope 

of such a curve in the region of plastic strain is the best measure 

available of the tendency for a material to. strain harden. Here it is 

evident that titanium alloys have only slightly greater tendency to 

strain harden than ordinary steel. Normally a neck forms on a tensile 

specimen for a ductile material at a strain of about 0.2 in/in. In the 

case of all fitanium specimens the strain at rupture was close to 0.2 in/in 

and there was essentially no neck formed. The titanium alloys tested 

were significantly less ductile than steel specimens of comparable hardness. 
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Table 3. Physical Properties of Titanium Alloys 

Yield Pointer Ultimate® Young's % % Area Brinell 
Material psi psi Modulus Elongation Reduction Hardness 

| x10; psi 

72,000 Ti-75A 104,000 21,0 

Ti-100A Th. 5500 90,000 214 

RC-130B 139,000 148,000 319 

Ti-140A 142,000 140,000 

1. Yield = stress at..0.2% offset 

2. Engineering ultimate stress = maximum load divided by initial area. 

Torsion data are. shown plotted in Fig. 5 and these results are in general 

agreement with the tensile curves of Fig. 4. The Ti 100A material is seen to 

have a lower flow stress in.torsion as well as in tension. The fact that the 

hardness of the Ti 100A specimen is lower than that of the Ti '75A specimen 

is in agreement with both of these observations.. From Figures 4 and 5 it is 

possible to rate the particular materials tested in this investigation in 

order of increasing flow stress for large plastic strain approximately as 

follows: 

Ti-1O0A 

Ti-75A 

Ti-140A 

RC—130B 

The cutting forces should be expected to lie in this same order, and we 

shall later note that this is the case. 

Notched bar impact data obtained:at different test temperatures are 

shown in Fig. 6. These data were obtained on standard Charpy impact 

specimens. The impact strength of Ti-140A is seen to be unusually good and 

similar to steel. This could be due to the high Cr and Mo content of this 

alloy which will tend to provide a mixed & - CG structure and hence one 

that contains less of the HCP material which is not as ductile as the Ya) 

structure of ordinary steel. The other titanium alloys have relatively 

poor impact strength at ordinary temperatures. 
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Meyer hardness data are given in Fig. 7 for the titanium alloys as 

well as for other materials. This test.is. believed to tell little regarding 

the strain hardening tendency of a.material. These results are presented 

only to illustrate the misleading nature of the Meyer exponent. The slopes 

of the curves of Fig. 4.give the true modulus of strain hardening by 

definition. The lack of agreement between. the slopes of the curves of 

Fig. 4 and the Meyer exponents of Fig. 7 can only: mean that the latter are 

a poor measure of strain hardening. Stainless steel (18-10) which is known 

to have an unusually high modulus of strain. hardening is seen to have a 

Meyer exponent about equal to that for. 4140 .steel-which in turn is known 

to have a much smaller tendency to strain harden. 

While thermal conductivity and specific heat are properties of titanium of 

major interest.particularly with regard to cutting tool temperatures there 

are surprisingly few values available. in the. literature, particularly for 

high values of temperature. It was therefore decided to determine the 

temperature variation of these thermal properties. for a number of alloys. 

This was done in.a specially constructed apparatus. Determinations were 

made to temperatures of 1000F for thermal. conductivity and 1500°F for specific 

heat. The resulting curves of thermal conductivity vs. temperature were 

approximately straight lines, and results are given in Table 4a for titanium 

alloys and other metals. The thermal gonductivities of the titanium alloys 

were found to be slightly less than that for.commercially pure titaniun, 

- but the values for all titanium alloys are relatively small. Values of 

specific heat are given in table 4b. 
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Table 4a Variation of Thermal Conductivity (k) in 
BIU/in*/sec/(*F/in) with Specimen Temperature (+t) in °F. 

Material Thermal Conductivity x 104 
Titanium Alloys 

RO 55 k= 3.05 - 0015 t + 76x10 °t 
Ti 75A (specimen 1) k = 3:1 — .O00017t 

Ti 75A (specimen 2) k = 2.75 - .00018t 
Ti 130A k = 1.88 + .00035t 
Ti 150A (specimen 1) k = 2.25 
Ti 150A (specimen 2). k = 2.0 

Ti 140A k = 2.22 

Armco Iron k = 10.3 - .O0049t 

SAE 1045 k = 6.75 — .0015¢ 

Carbides 

CA~2 (steel type) Kkrwee 25... 00Lt 

CA-4 (C.I. type) k = 16.5 ~,01t + 4.5x10 ~*t* 

High Speed Steels 

T-1 k = 5.05 - .0005t 
M-1 k = 4.90 - .5x10 “t* 
M-2 k = 4.50 - .0002¢ 
M-10 k = 4.50 + .00025t 



wy 
a ae (al 

. A sities 
f’ gf (3) exvuTeteaet me 

idbvightetinio-ru a a ee ee 

‘. i, oe ‘ i 
aVig oO Ue ik yeh td mie? to soltaireyY 

tomers tt iw 3" )\eon F eENOTE 

Ee a 0 ee ee ee RS RE 

& i> 

7 Gisay + 2 2100. -~ 2¢ F 

= ae 
SV TOMO. - { (tf neatotas ) A rod 

#8000. = eh b 
{t meatoage ) aye A 

FRE Mis a <> -_ | 
ing ’ 

ao S Fling , an 

Cx«5 (f nemioege) ACG, 

Oo. +2 (© gamtoecs ) At 

SS.5 = a 

TORO. ~~ €£.0f 

se [O0. = ec’ .a | 

FIT0. _ es.7T — . teary - ee a 

ee - 

‘ & ra Le : 

$2000. ~ 20.2 = x Oe 
&, 3 ‘i a 

. Ofné. _ OP. = a 

= FSOOR, = Ok = 2 

.. &@S000. + 02.5 = & 

C 

i 

A 

ait } 

ae ni, Me ja 

es A Po : ‘sh gif - _ 

Leta Ae srr DU ed 
‘Pie doediie to penis | i 

: eid i! eA ees ork i 

} A ui aia de 4 Mes Pek a ecb a 

; ae poe lta AG Ware te AL 
Is ftitad ct kth eet eed aa 

’ ANd "ier Sas Ue b ye Meh ad) we wy i " 

jl a ‘a ly - MAS en rtL ay ce a ae es Ll 

ees f , ; ‘ ie ia ra : Sane | dah i (Sta i v 

OE EE he a 
fe , z . - Pre! ah Sas + oh ; wipes ? J rer phe Nd 

a urs a sg t if a os a ray ‘ ae By ; Bie ik 7 % 2 

eae oie ° i Paley ae tee worth 



—lla- 

Table 4b Variation of Specific Heat and Volume Specific Heat 
With Specimen Temperature (t) in °F. (From measure-— 
ments made in range from 70 to 1500F). 

Material Specific Heat (c), BTU/16/°F 

Ti 75A 0.122 + 4x 107" (t-70) + 6 x 1077 (t-70)* 

Ti 150A 0.116 + 5.8 x 10° (t-70) + 4.5x 10 7) t~70)” 

Volume Specific Heat SC BTU/in Yor 

Ti 75A 0.0198 + 6x10~* (t~70) + 10°7 (t-70)* 

Ti 150A 0.0192 + 9.3 x 107° (t-70) + 0.7 x 107” (t-70)* 
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Chapter 2 

Recommended Turning. Practice 

In this chapter, recommendations for the efficient turning of titanium 

alloys are given based.upon the experiments and reasoning presented in sub- 

sequent chapters. 

In chapter one the physical and chemical. characteristics of titanium 

alloys were reviewed. Those properties.of. titanium that are significant 

with regard to its machining. characteristics follow: 

1. Low value of the product of thermal conductivity and volume specific 

heat (kPc) which gives rise to high tool temperatures when titanium is 

machined. 

2. The tendency for the strength of titanium alloys to decrease with 

increase in temperature. beginning at relatively low temperatures. 

3. The tendency for titanium to. form strong bonds with other metals. 

4. The tendency for titanium to react with.nitrogen, oxygen and 

carbon at elevated temperatures to form very hard and abrasive surface products. 

5. The low stiffness of titanium alloys as. reflected by low values 

of Young's Modulus of Elasticity. . 

6. The relatively low ductility of titanium alloys. Anil ca 

The procedures to be followed in machining titanium alloys differ from ; 

those commonly in use for steels of the same hardness and strength in but 

one important respect. The optimum speed.for a titanium alloy will usually 

be but about 1/3 that for the comparable. steel due. to the. very poor thermal 

properties of titanium. The types of tool wear found in titanium machining 

are similar to those for steel. For example..when.machining titanium alloys, 

tools are found to crater excessively when the speed is too high (particularly 

for the stronger alloys) and to chip excessively at the cutting edge when the 

speed is too low (particularly for the softer, weaker alloys). Tools used 

to machine steels are found to behave in the same way. The Taylor tool 

life equation is found to hold for titanium. alloys in the practical range 

of speeds, just as it holds for steel. The relative machinability of the 

titanium alloys of this investigation are.as follows, withthe machinability 

of 1045 steel taken as 100%: 
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Ti 100A 70% 
Ti 75A 65% 
Ti 140A 35% 
RC 130B 30% 
1045 steel 100% 

This means that the tool life of Ti 140A will be the same as that of 

1045 steel if the speed used to machine the titanium alloy is 35% that 

used to machine the steel. As a good first approximation of titanium 

alloy may be successfully machined if all variables are fixed at values 

to give good results for 1045 steel with the. exception of speed which 

should be in proportion to the foregoing machinability ratings. 

In order to be more specific concerning the conditions under which 

a titanium alloy should be machined we will consider each of the important 

variables in turn and recommend good average values.. It should be 

recognized, however, that hard and fast rules cannot be cited and that 

the quantities recommended represent only a good point of departure. 

For a specific application values on either side of the recommended values 

should be tried and tested for improved performance based not on improved 

tool life or increased productivity but upon minimum cost per part. The 

items of cost to be considered in deciding when a change results in more 

efficient machining with regard to cost include: 

1. Cost of machine and operator during time required to make cut. 

2. Cost of machine and operator while changing tools prorated over 

number of parts produced per grind. | 

3. Cost of reconditioning the tool prorated over the number of parts 

produced per grind. 

Analytical expressions for use in determining optimum speeds and feeds 

based upon minimum cost are presented in the later chapters. 

Tool Geometry - The following tool geometry should give good results 

with a carbide tool under average machining conditions: 

Back rake angle 0° 

Side rake angle 10° 

Clearance and relief angles = 5° 

Side cutting edge angle (SCEA) .= 10° 

Nose radius = 0.02 in. 

if 
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For very heavy roughing cuts (large feed) or interrupted cuts, the side 

rake angle should be reduced.to zero or -—5° while at the same time the 

SCEA is increased. to.from 30 to 45°. For light finishing cuts the side 

rake angle might be increased to 15° and the nose radius increased to 

-03 inch. For.HSS tools, the average side rake. angle should be from 

15 to 20°, and the SCEA about equal to the. side rake angle. Otherwise, 

the tool geometry should be the same as. for.a carbide. tool. For very 

rigid conditions, rake angles as. high as 25° and SCEA's as high as 30° 

may be beneficial with HSS tools. 

Tool Material - In general carbide tools are preferable to HSS tools 

in machining titanium. Only at speeds below 10. or 20 fpm should HSS tools 

be considered. Under normal conditions, when rough machining at the feed 

and speed corresponding to minimum cost, the..steel cutting grade carbides 

will give best results. These include the following manufacturers 

designations: 78C, K2S, TO4,..CA5, etc., all of which are supposed to be 

equivalent. When finishing or otherwise machining at high speeds, (speeds 

>150 fpm for titanium alloys) the cast iron. grade carbides will give 

better results. Carbides of this type include K-6, 883, HA, CA4, etc. 

If cast iron grade. carbides are used.at cost.optimum speeds they give 

poorer results. than: steel cutting grade. carhides due.to excessive chipping, 

while if steel.cutting grade carbides.are used.at.higher. speeds they give 

poorer results than. the cast iron grade carbides.due to excessive wear. 

When HSS tools are.indicated, tools of the T-15 type give far better 

results then either the M-2 or T-1 varieties. 

Maximum Wear.Land — An important. criterion with regard to the use of 

any tools has to do with the maximum wear land: that may be used without 

danger of sudden: tool. failure and attendant increase in scrap loss and 

tool reconditioning cost. Ordinarily HSS .tools of normal clearance can be 

used to a .060 inch wear without danger of sudden failure, while carbide 

tools are taken out of service and reground when the wear land reaches 

0.030 inch. In the case of titanium it is advisable to revise these values 

downward, regrinding carbide tools after a 0.015 inch wear. land has appeared 

and HSS tools after a .030 inch wear land is present. If. these values 

prove satisfactory the wear land should be cautiously increased until it 
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becomes apparent that a further increase will give danger of an occasional 

catastrophic tool failure. 

Cutting Speeds and Feeds - With carbide tools cost optimum speeds will 

correspond approximately to the following representative values: 

Ti 75A and Ti 100A 180 to 200. fpm. 

Ti 140A 100 fpm. 

RC 130B 85 fpm. 

1045 steel 275 fpm. 

Corresponding speeds for HSS tools follow: 

Ti 75A and Ti 100A 50 fpm. 

Ti 140A 30 fpm. 

RC 130B 25 fpm. 

1045 steel 90 fpm. 

These values represent good speeds to start with in roughing operations 

where cost optimum.feeds are of the order of 0.010 to 0.015 ipr. For 

finishing operations, where best feeds are of the order of 0.005 to .008 

ipr, higher speeds should. be used. 

Cutting Fluids - While commercial cutting fluids fail to reveal a 

Significant effect upon the rate of tool wear, water base cutting fluids 

tend to increase the wear land that can be used without danger of sudden 

tool failure. It is recommended that. a copious supply of a water base 

cutting fluid be used when machining titanium. alloys with either a carbide 

or HSS tool. 

Chip Control - Chip disposal is normally. not a problem in machining 

titanium alloys due to the low ductility of these materials. Ordinary chip 

breaking arrangements are adequate but. in. many cases unnecessary for satis— 

factory chip control. 

Finish - The finish produced on machined titanium surfaces is in general 

superior to that obtained on steel of the same hardness. The high speeds 

required with steel to produce good finish are not necessary with titanium 

due to thé fact that titanium does not tend to form a large built-up edge 

even at low speeds. 

Vibration — Titanium has a tendency to excite chatter in cutting tools 
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due to the tendency to form either discontinuous or inhomogeneous chips. 

The latter type of chip while appearing as a continuous ribbon to the 

naked eye is made up of segments separated by regions of large strain. 

Inhomogeneous or discontinuous chips will give rise to higher maximum tool 

temperatures and provide an increased opportunity for welding between chip 

and tool. Accelerated tool wear will result. Chips suspected of being dis- 

continuous or inhomogeneous should be observed under the microscope and 

if this is the case, speed, feed or tool rigidity should be altered to 

provide a continuous and homogeneous chip. The low stiffness of titanium 

makes it difficult to machine thin sections that are unsupported without 

chatter. 

Hard skin - Workpieces that have been forged or worked at temperatures 

above 1000 to 1200 F are apt to have a hard skin of titanium dioxide or 

titanium nitride due to the tendency for these products to form when 

titanium is heated in air. Excessive tool wear will result unless certain 

precautions are taken. The depth of cut should be sufficient to penetrate 

the skin. The feed should be as large as the strength of the tool will 

allow. This provides a minimum length of tool travel per unit axial length 

of bar. A low speed will usually be necessary to limit the temperature to 

a reasonable value (since temperature varies with both feed and speed). 

Feeds in excess of 0.05 ipr may be used at speeds of the order of 10 fpm. 

Under such conditions HSS tool life is comparable with that for steel grade 

carbides (which are superior to the cast iron grades under such conditions). 

While HSS tools wear more rapidly than carbide, the allowable wearland is 

greater, and the net result is that tool life is about the same. The lower 

cost of HSS tools. makes it advisable to use them under such conditions. 

Titanium containing oxygen and carbon —- An increase in the oxygen con- 

centration of a few tenths of a percent has a detrimental effect on tool life. 

This is true regardless of alloy content. In the stronger alloys poor tool 

life is also. obtained when the carbon content is greater than about 0.2%. 

If an alloy containing large amounts of oxygen and carbon must be machined 

it is advisable to adopt a large feed, and correspondingly reduced speed in 

order to minimize abrasive wear. 
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Low speed machining — When for any reason. it is advisable to machine 

at low speeds, (1 to 10 fpm), either carbide or HSS tools may be used with 

titanium alloys. While greatly accelerated wear rates result when steel is 

machined at low speeds with carbide tools, such is not the case for titanium 

alloys machined with carbides. 
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Chapter 3 
Theoretical Background 

In this chapter a number of the fundamental quantities of interest 

in connection with any metal cutting investigation.are presented and 

briefly discussed... These. concepts will.be.applied in the discussion of 

specific titanium and. steel data in subsequent chapters. 

In machining any.work material we are interested in knowing the 

relative magnitudes of each of the following quantities and why they may be 

relatively high or low. 

1. Life.of cutting. tool 

2. Surface finish produced 

3. Accuracy.of. finished part 

4. Forces and. power involved in making..a-cut. 

The overall performance of a work.material. with regard: to..these quantities 

is vaguely referred to.as its machinability and some sort of machinability 

index is frequently assigned to the material,::the-one.most frequently used 

being the cutting speed to give a certain tool life, as for example the 

60 minute tool Life (VY) Such a rating ignores items 2, 3 and 4 and gives 

only an approximate picture of item one. 

In the absence.of.a. good machinability index it is best: to study the 

fundamental guantities that control the-cutting. process and compare the 

individual magnitudes of each item for any new.material. with. the corresponding 

quantity for a-well known material such.as..steel... In» this. way a feeling for 

differences and similarities can be..quickly obtained. and a rather thorough 

familiarity with the new material established. 

Some of the fundamental items of interest in. understanding the cutting 

performance of a.given: work material inelude. 

1. The*physical.and chemical properties. of. the material. 

2. The physical manner in which chips are produeed ‘and. the 

geometry. of chip formation. 

3. The forces and energy involved in making a cut and the resulting 

stresses. 

4. The friction. characteristics on the .tool face. 
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5. The tendency :.for metal to transfer and remain:.on the tool. 

6. The nature. and characteristics.of.teol.wear. 

7. The temperature. on.the shear plane and along the..tool face. 

Item 1 is obviously of importance in all.four.aspects of.machinability and a 

rather complete picture of. the physical and chemical properties of titanium 

alloys have been.given in Chapter 1...Items 2.to 7 have to .do with tool life 

in one way or another, while items 2 and. 5 have to. do-with the surface 

finish produced. ..(Item.2 is of importance.to. finish inasmuch as it may 

give rise to tool vibration.) The accuracy of .the finished part will of 

course depend on tool vibration (items 2 and 4),the extent of the built- 

up-edge (item 5), .the amount of tool wear..that is allowed -before.the tool 

is reground, (item 6), elastic deflection of the. tool (item 3), and the 

thermal expansion of the workpiece: and machine tool resulting from the heat 

generated in eutting.(item 7). 

It is thus geen that machinability is .a.very.complex.concept that 

means different things to different people. -There need be little wonder 

why machinability cannot be expressed in terms..of a single index. 

Chip Formation .- In machining steel.and other: ordinary structural 

materials the chips produced are in the form.of a continuous ribbon, 

individual segments, or some combination of these. extremes where cracks 

extend part way across. the chip. In continuous.chip formation the material 

is deformed in.simple shear and the process .can:.be analyzed: analytically 

for stresses, strains, etc. In the case.of. purely discontinuous chip 

formation the chip is produced by a complex. process resembling extrusion 

and this process cannot be treated analytically (3)...The intermediate 

type of chip can be treated analytically to a degree of approximation that 

depends upon the extent of crack formation. in:the.chip. ‘Normally ductile 

materials yield continuous chips while normally brittle.materials such as 

cast iron and beta brass.yield discontinuous: chips. 

Since titanium and its alloys are.not.particularly ductile at room 

temperature (Fig. 4) it is not surprising to find discontinuous chips at 

low cutting speeds (i.e., for low temperatures)... At higher..cutting speeds 

the material becomes sufficiently ductile, due-to the rise in temperature, 

to produce chips in the form of continuous.ribbons. However, these chips 
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are normally quite different in appearance. from ordinary continuous chips 

in that the strain in them is not uniformly distributed.but'is largely 

confined in certain bands (4). 

When cutting. at high speeds, the material.adjacent to-a potential 

fracture plane (i.e.,. at a weak point) becomes.very hot in the case of 

titanium alloys due to the rapid rate of..energy input.... The strength of 

titanium and its alloys falls off quite rapidly at. elevated temperatures 

as illustrated in Chapter 1. (Figs. 1 and 2). Thus, at high speeds, 

"thermal softening" may overcome strain hardening". to the extent that the 

process becomes. unstable. That is, when.strain.in any given zone reaches 

a certain value, the material within this.zone. becomes so. hot that further 

strain makes the material behave softer, and. if. the Joad:is maintained, 

strain will continue in that zone. Fig. 8.shows.a chip.which was formed 

in this manner, and. plastic strain is. seem. to be distributed in an in- 

homogeneous manner.. Chips of this type seem: to be peculiar’ to titanium 

and its alloys and the inhomogeneous chip represents a third basic type 

distinctly different from the purely continuous and discontinuous types of 

chips. 

The discontinuous type of chip that is. .obtained. when.titanium is cut 

at low speeds is shown in Fig. 9. While this chip is composed of discrete 

segments, it is mechanically in one piece since. the. segments have rewelded 

together following fracture.. The distinct difference between the chips 

of Figs. 8 and.9.should. be noted. 

At certain intermediate speeds a continuous chip, such as that of Fig. 10, 

can be obtained... However, the exact. conditions for obtaining and maintaining 

continuous cutting are difficult to find when cutting titanium alloys. 

Whenever either a discontinuous or. a-non-homegeneous: chip is obtained, 

the peak forces. will be larger than the. mean; peak temperatures will be 

very high; and there.will be a period of.zero:reiative motion between chip 

and tool. These conditions favor the formation of strong:welds and will 

therefore lead to excessive tool wear. 

Tool Vibration -— Whenever we observe: discontinuous: or non-homogeneous 

cutting, we also observe tool vibration.. The.question immediately arises, 
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if the tool and workpiece were perfectly rigid, could these types of chips 

obtain. Unfortunately. present theory.will lead. to either a yes or no 

answer, depending upon particular conditionsy also:.an infinitely rigid 

experimental set-up is obviously not available. for :-test. .However, several 

indirect observations. definitely show that.tool: rigidity does influence chip 

formation. 

The spacing: of the regions.of large.strain.insan-inhomogeneous chip 

is about equal to the feed,.and the cutting force-is.found to vary significantly 

over each cycle... The frequency of this force variation is found to be 

approximately 

f= — » cps (1) 
5t 

where V is the cutting. speed in fpm and t is.the:.feed:in ipr. For a lathe 

cut at 200 fpm and 0.004 ipr feed, the frequency is found to be about 

10,000 cps. Such high frequency force fluctuations: can .excite natural 

modes of vibration in the machine tool. and:.cause poor finish. Or, they can 

lead to surface fatigue of the tool face and high rates of wear. 

If the equation of motion governing tool. vibration: in the direction 

of cutting velocity is written, it is found. that ‘the: slope of the i vs V 

curve appears as a damping coefficient, where .F. is.the power force 

component and V is :the cutting speed. However, since.the slope of this 

curve is generally negative, when machining. titanium, we: have a case of 

negative damping.and a self-excited vibration. may result. Fig. 11 shows Fo 

vs V curves for a series. of feeds when machining. Ti 140A.: Note that in 

general the curve. has a steep negative slope, then tends. to level out and 

then again exhibits a.steep negative slopea.. If the curve should have a zero 

or positive.slope over a wide enough speed: range, the. tool would tend to be 

stable. Thus the tendency for stability is seen- to increase with decreased 

feed and will vary with cutting speed. 

The similarity between the shape of the curves of Fig. 11 and the 

curves of Figs. 1 and 2 showing the variation of yield stress or hardness 

with temperature is striking. In general there is a region of low slope in 

the central portion of the plot for each of the two. types of curves. The 

region of low slope for the yield stress and hardness vs temperature curves 
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occurs in the region from 500 to 700 F and:is.due-to. strain aging. 

As a vibrating.tool cuts, the cutting. speed varies. It has been 

shown by Salje (5) that tool life is a direct.function of the maximum 

cutting velocity, i.e., the mean velocity. plus .the..wibrational velocity. 

It is important then that we cut with a minimum of tool vibration 

regardless of the type of chip that is produced. 

For a given.set. of cutting conditions, a.more. rigid tool-workpiece 

set-up will always. give lower vibrational. velocities. In the zero slope 

region of the. F..vs V curve, the greater. the.rigidity the less will be the 

variation in -velocity, and the less.chance for.reaching the negative slope 

portions of the. curve. Thus, high rigidity. will: limit. vibration .and can 

in certain circumstances. eliminate it. 

In summary. it.may be.observed that it-is most desirable to have a 

continuous chip. In. general this will .not.be.obtained in machining 

titanium alloys.. The tendency toward. chip. continuity can be increased 

through metallurgical changes that reduce. the.degree of thermal softening 

(for case of inhomogeneous chips) or by effecting. an-increase in the 

shear-strain required for fracture (for case of discontinuous chips). 

If discontinuous chips are obtained it is important to limit tool vibration 

as much as is possible. This is best done .by. maintaining high tool and 

workpiece rigidity, and if possible, by operating near. the zero slope 

portion of the as vs V curve by properly selecting the speed-feed combination. 

It is more important.to have a rigid set-up when machining titanium alloys 

than when machining other metals due to the unusually steep nature of the 

strength vs temperature. curve. 

Cutting. Forces.and Energies — The forces involved.in cutting may be 

measured by means of a sort of spring balance. or dynamometer that is intro- 

duced between tool and machine in order. to measure. the components of force 

to which the tool is subjected... A lathe dynamometer is shown in Fig. 12. 

Here, a 5/8 inch square tool bit is show projecting from the end of a 

heavy circular member. When the tool. is.subjected to a vertical or 

horizontal force the circular member: bends: very«slightly. This elastic 

deflection causes a resistance change in.strain..gages mounted on the circular 
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member and connected in the form of a bridge.circuit. The. output from 

the bridge circuit when amplified is recorded. directly in pounds upon a 

moving chart. The vertical component of force..which.is oriented tangentically 

to the workpiece is termed the power force.F since.it is responsible for 

all of the power consumed in making a cut... The axial force component in 

the direction of feed is at right ne snot eno is designated Fo: The 

geometrical relationship between eee ener, and Po and the 

shear plane and tool face is shown in Fig. 13.... 

When the cutting force components ae and F. are known, togéther with 
Q 

the shear angle (f) and rake angle (0c ) it.is possible to.compute several 

quantities of interest..by. application. of the -simplest. principles of geometry 

and static mechanics (6). Some of the more.important of these quantities 

follow. . 

1. The mean.shear (‘7) and nommal.(O-) stresses..on. the shear plane are 

obtained by dividing the. tangential and-normad::components ofthe resultant 

cutting force on the shear plane respectively. by the. area of the shear plane. 

UN ww ; 2 sin a a. 
y= (F, cos # - Fy sin 9) ae ) » psi (2) 

- sing O- = (F, sing + Fy. cos BZ) (aH pee (3) 

2. The shear strain in the chip (6) is 

5= cot g + tan (g -oc) (4) 
3. The coefficient of friction.between .chip..and. tool ty) is 

us FA + F..,tan oc 
he ig RO? Sabi a 

— #} Oc F,7- Fg tan (5) 

4. The amount of energy consumed in. the shear process: per unit volume 

of metal cut (u,) is 

oe ee » in 1b/cu in (6) 
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5. The amount of energy consumed in overcoming friction on the 

tool face (up) is 

c 
ae Hilal aun ee-aieiand inc) /V, » in 1b/cu in (7) 
f bt 

where Les is the velocity of the chip relative to the tool face. 

6. The total energy per unit volume consumed: in cutting (u) is 

F 
oe in 1b/eu in (8) a aah Ie 

* us Yop 

The derivations leading to these quantities are. well .known. (6) and need not 

be given here. 

Friction of Titanium.Alloys -—.The modern view of friction recognizes that 

all surfaces are rough on a microscale. and. that mating. surfaces touch only 

on their high points. The points of contact.are:. plastically deformed under 

load to produce a real area of contact (A,)..that.is distinguished from the 

apparent area of contact.(.4). The relation. between the applied load (N) and 

the real area (A,) follows 

N=a7 Ap (9) 

whereGy is the flow stress of the material. constituting a high point on 

the surface. Welding or adhesion occurs. at. mating high points and the 

force required to rupture such welds is the friction force:(F). For clean 

surfaces 

F= 74, | (10) 
where J is the shear stress required to break the weld. The.coefficient 

of friction for clean surfaces will be 

—* tee 11) N o~ Vis ( 
deak y 

An effective lubricant will contaminate -some of the real area (A,) and 

decrease the shear stress to a lower. value '7), « If oc is: the fraction of 

the real area that is contaminated then 

and 
7) 

Us oO< ee ee A noe) 2 T" (13) 
6 MB Cs 
7 A 
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To be effective the lubricant must adhere strongly to the surface. 

Most monomolecular films of long chain polar compounds are effective 

lubricants for moderate loads. For the heaviest loads such as those on 

the face of a tool a very strong bond is required and..probably a layer of 

considerable thickness. In such cases the low shear strength layer is 

usually achieved by having the fluid react chemically with the metal 

at the points of contact to form solid reaction products of low shear 

strength such as metal chlorides or sulfides. 

The friction characteristics of titanium alloys have been extensively 

studied by Dr. E. Rabinowicz in the Lubrication Laboratory at M.I.T., and 

certain important differences have noted.between.the.eharacteristics of 

titanium sliders and those of other metals. 

When two like metals (other than titanium) are slid together in dry 

air the coefficient.of friction is usually. about.one. .The.coefficient of 

dry friction of unlike metals is usually. much. less. and of the order of 

0.2. When a steel rider is caused to slide.over.a titanium surface the 

initial coefficient of friction is found. to be about: 0.2 but very quickly 

this value increases to about 0.45. The value of the coefficient of friction 

of titanium on titanium is also 0.45 and.it- is. evident that°a:layer of 

titanium has quickly formed on the steel. surface and.completely covers it. 

From this point on we have titanium sliding on.titanium.:. As a particle of 

titanium is plucked from the steel surface another takes its place. The 

layer of titanium that is built up is not only found to be quite complete 

but also very thin. 

All metals give the same coefficient. against titanium as. steel after 

a short time, as long as their hardness is. above a.certain value. For very 

soft metals such as lead the particles of titanium:that. transfer become 

embedded in the softer metal and a thin. layer.of lead spreads over the harder 

particles to provide a greatly decreased. shear strength (4), but increased 

flow stress (7%) and hence a low value of coefficient of friction. When the 

junctions giving rise to friction are broken. they break in. the weaker lead 

layer for the most part. 
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The polar lubricants that absorb on most.metals and give lower friction 

are completely ineffective on titanium as are the extreme pressure types of 

fluids that react chemically to produce a low shear strength layer. The 

failure of the usually.effective polar compounds is believed:to be due to 

the strong tendency for titanium to react with oxygen to produce a Tid, 

layer on the surface. The oxide which carried the opposite electrostatic 

charge from a clean metal surface .will.nat produce strong polar bonds 

with the fluid molecules. The chemical type, .extreme.pressure lubricants are 

probably ineffective for the same reason titanium alloys are so corrosion 

resistant, which is also believed.due. to. the. speed and compactness of the 

oxide layer that is formed on titanium. . Graphite. bonded:to.a titanium surface 

with a resin and certain fluorocarbons have..been. suecessful in: lowering the 

friction when steel slides on titanium. Certain fluids of.very: high 

viscosity that would not be expected to react. with titanium have also been 

somewhat successful in lowering frictiaon.. This may be due:to. the reduction 

in the rate of diffusion of oxygen through the very visions fluid in the 

Vicinity of a sliding titanium surface. 

In summary, the dry friction of titanium on. titanium is found to be 

considerably less than.for most pairs of similar. metals. This, however, 

is not due to any tendency for titanium to refrain from bonding to other 

metals. On the contrary, another metal surface is very quickly coated with 

a titanium layer. This layer is quickly .oxidized and then we have a pair 

of titanium oxide surfaces sliding one over the other. The presence of a 

strong compact oxide film prevents the usually effective boundary and 

extreme boundary lubricants from being effective. 

Wear and Metal Transfer ~ When one metal slides over another the 

surfaces contact each other only at the highest points. and the junctions 

that are formed give rise to a friction force as already described. As 

the junctions are broken material is transferred from.one surface to the 

other since the junctions do not always rupture:at the. exact points where 

they went together. For each junction that is made there.is.a probability 

that the breaking of this junction will result. in-a wear particle. This 

probability will depend upon the metals. in contact and the lubricant. that 

is present. If one surface is harder and.stronger.than the.other then the 
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probability of a particle being plucked from the. harder. surface when 

a junction is broken will.be less than.the probability that a wear 

particle will be pulled from the softer surface. 

It is found experimentally that.when wear..occurs in an. orderly 

fashion the particles are quite small and-of.fairly uniform size (volume). 

The volume worn away on either surface. (W) shouldbe expected to be equal 

to the product of the total number of encounters. and. the probability of 

an encounter resulting in a.wear.particle,:.thus 

en verngsh $3 (14) 
where L is the actual sliding distance A, is..the real area of contact 

and k is a constant (proportional to the probability mentioned above and 

a function of the metals in contact and the lubricant present). The quantity 

A, L will be proportional to the total number.of contacts that correspond 

to a sliding distance L. From equation -(9) we may eliminate A, and obtain 

W=k zh | (15) 
Burwell and Strang (7) have shown that. the quantity (k/cjZ) is a 

constant for a given material combination regardless of the.distance of 

sliding (L), the sliding speed, the hardness of the.metal surface, and the 

applied load (N), as long as the applied load .is below a-certain critical 

value (N.); where 

A b (16) 

Here, A is the apparent area of contact gga fx is the bulk yield 

stress of the softer of the pair of metals in. sliding contact. 

The nature of the experimental results obtained is shown in Fig. 14. 

Here it is seen that equation (15) holds very well until N/A: exceeds ig: ; 

which for steel is about 1/3 the Brinell hardness but for softer metals may 

be 1/4 to 1/6 the Brinell hardness. At this point the wear becomes 

catastrophic since the high points on the. softer. surface are pushed into 

the underlying surface and there is a sudden increase in the. real area of 

contact (Ap) - 

It is interesting to note that the coefficient of friction was the 

same for all values of W/A in Fig. 14 including those in:the catastrophic 
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wear region. Since from equation (11) the coefficient of friction is the 

ratio of the shear. stress to hardness (7/°y) it follows that in general 

when ‘7? changes, 7y also changes by approximately the same amount. It is 

because of this fact that the coefficient of friction is independent of 

the rate of wear and hence cannot be used:..te infer anything with regard 

to the wear characteristics of a system. 

Tool Wear — In the case of.a cutting tool, wear occurs on either the 

clearance face or chip face, and must involve. the: uniform non—catastrophic 

type of wear corresponding to equation (15) for a reasonable tool life. From 

this well established relationship we should .expect..the volume of’ tool lost to 

vary directly as the load between the work material..(or chip). and tool and 

the length of surface that passes over. the tool surface: (L). 

In addition to the transfer type of wear described above, metal may 

also be lost from a tool due to: 

1. <A plowing action of. hard particles of built-up edge or in the 

matrix. This is most pronounced at low cutting: speeds when the 

built-up edge is likely to be large. 

2. A chipping action in which particles. that: are.larger than those 

in transfer wear (although still small) are broken from the 

tool from time to time as welds are broken. . 

3. Corrosion of the tool. due-to.the.action of sulfur or chlorine 

containing additives upon the tool. This is:most common in 

the. case of carbide tools where.over-active additives sometimes 

attack and etch away. the cobalt, binder in the carbide. 

In addition to these gradual methods of tool. breakdown, tools may 

fail suddenly as a result of overheating or softening: (particularly carbon 

and HSS tools) or due to actual breakage... If.a.tool fails due to over-— 

heating a reduction in cutting speed is most effective.in. reducing the 

amount of heat generated per unit time. .The feed may also be reduced but 

is not quite as effective in reducing the temperature as is the speed. The 

tool temperature is rather insensitive to changes in depth of cut as we 

shall see in the following section. A water base cutting fluid may sometimes 

lower the tool temperature. 
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If a tool fails by rupture this indicates either a force on the tool 

point that is too high or an included tool angle that :is too small. A 

decrease in rake angle or feed will usually .tend. to.reduce tool breakage. 

Instead of decreasing.rake angle over the..entire tool.face.it is sometimes 

sufficient to stone a small secondary rake..surface of decreased angles on 

the tool face near the cutting edge, thus leaving. the main: portion of the 

tool with the larger original rake angle. Also, an increase«in side 

cutting edge angle may be necessary in order to. prevent breakage at the 

end of a heavy—eut as the tool breaks through the surface;~ Sometimes a 

crater will form on the tool face, starting not. atthe :tool. point but at 

a position removed from the tool point at which the temperature is a 

maximum (Fig. 15). As the crater it extends to the cutting edge 

and has the effect of weakening the tool by. reducing the included angle. 

When a large crater develops on the tool surface,-failure by rupture across 

the point from a region of stress concentration. in ‘the base. of the crater 

is frequently observed. The tendency for a tool.to. crater. can usually be 

reduced by an increase in rake angle (to. lessen.the stress.on.the tool 

face), or by causing a decrease in tool face..friction. Although the friction 

force usually decreases with speed, the ratio between :the wear rate on the 

chip and clearance faces of the tool is found to increase with increasing 

cutting speed, and hence most tools crater significantly at high speeds. The 

remedy to be applied. to tools that fail prematurely due.to overheating, large 

scale breakage or excessive cratering is usually. evident.. It is the gradual 

type of tool wear on the clearance face that.is-not persistent and difficult 

to combat. 

The wear land that develops on the clearance surface of the tool 

(w in Fig. 15) is a convenient measure of the amount of gradual tool 

wear on that surface. Tools are frequently reground when the value of w 

equals some definite value such as .015, 0.030 or 0.060 in, the lower values 

generally being used when the hardest materials are: cut with: carbide and 

the highest values being used when soft metals. are. cut with.HSS tools. If 

the tolerance on the part cut is severe a low value of w will generally be 

used. It is of course important that the limiting value.of w be reached 

in any case before the crater becomes sufficiently large*to. allow tool 
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breakage to occur. 

If the length of work material passing the tool point (L) is plotted 

against the size of thé wear land (w) curves of the type shown in Fig. 16 

may be obtained for different values of cutting speed (V). At speed V3 

after an initially rapid breakdown of the..cutting point, a gradual wear of 

the clearance surface occurs in accordance. with equation (15).. The volume 

worn from the clearance face.of the tool (W): is related to: the wear 

land (w) as follows: 
Tay 2 

We bw tan } (17) 

where b is the depth of cut (distance perpendicular to the paper in Fig. 15) 

and } is the clearance angle of the tool. 

For constant values of b and } equation (17). becomes 

= const. w? (18) 

If this is substituted in equation (15), then .for values of normal load on 

the clearance land less than N.3 

L = const. W? (19) 
N 

If the normal force on the clearance land is. proportional: to w then we obtain 

the linear relationship 

L = const. w (20) 

If on the other hand the normal force on the wear land is independent 

of w then 

L = const. w* (21) 

Curves such as those shown in Fig. 16 are often linear (eq. 20) but are sometimes 

found to be parabolic (eq. 19) as in the case of titanium alloys. Curves 

Such as those of Fig. 16 are sometimes not exactly smooth, but show frequent 

non=periodic vertical jogs resulting from chipping (i.e., the formation 

of unusually large wear (particles) from time to time. It is important 

to note that in general the L vs W curve is not a straight line but is inter- 

mediate between the straight line of eq. (20) and the parabola of eq. (19). 

As the wear land develops, the cutting forces increase. Should the 
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value of the normal force on the wear land satisfy eq...(16), due 

for example to N increasing linearly with w while the.workpiece hardness 

decreases with rise in temperature, the. wear..rate will increase suddenly 

as at point A in Fig. 16. The value of L-.corresponding to point A is 

practically the same for complete failure. of .the tool and tool life has 

frequently been defined as the value of L-(or.the cutting time or cubic 

inches of metal removed or other equivalent measures of the basic 

quantity L) for complete tool breakdown... This tool life definition has 

been most widely used for HSS tools... For carbide tools tthe value of L 

corresponding to a certain value of w has.been.more widely adopted. When 

such a definition is used it is important that.tests be. run all the way 

to ee in order to be sure that point A is not reached..before Lila is 

obtained. The fallacy of running a short-time test..to point B on the 

curve marked V, in Fig. 16 and extrapolating these results to w to obtain 
4 * 

Li is evident. (L corresponds to the value. of L when i is obtained.) 

In this case catastrophic wear sets in almost immediately beyond point B. 

When values of life (L*) defined either in terms.of complete failure 

or a given wear land wae are plotted against cutting speed on log-log 

coordinates an approximately straight line is obtained (Fig. 17) at elevated 

cutting speeds, i.e. 

weé+sB (22) 
where A and B are constants. 

This curve fails to hold at very low speeds due.to-the increased tendency 

to form built—up—edge and the chipping that results when. the BUE is removed. 

It is more.common to express tool life in. terms of the cutting time (T) in 

minutes corresponding to a given length of travel tu) in feet. Since 

* 
L =Vvt? 

then from eq. (22) we have 

v(vt)" = B (23) 
or 

y/A +1. pl/A +1 (24) 

This is seen to be equivalent to the familiar Taylor equation. 
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Vr = C (25) 

which also plots as a straight line on log-log coordinates where n and C 

are other constants.. In the discussions of this report .to follow we shall 

use equations (22) and (25) interchangeable. 

In studying the development of a wear land the question of just what 

value to use arises.whenever the wear is not. uniform along the cutting edge. 

Frequently the wear land will have the appearance.of Fig. 18 which is a 

plan view of the.clearance surface.. Here the wear land -develops more 

rapidly in the vicinity of A than elsewhere. .We have:found the maximum 

wear land to give a more consistent picture of tool performance than the 

mean wear land, and consequently have adopted the.maximum wear land 

as the criterion of tool life. Also, from a weakest link point of view 

it should be expected: that the maximum wear land would be most signifi- 

cant. 

When a tool: wear curve is plotted for a titanium alloy cut with a hard 

carbide a plot such as that shown schematically..in Fig. 19 may be obtained. 

In the case of a normal steel test the curve will usually be more linear and 

the vertical jogs in the curve will not.be. nearly so pronounced. These 

exaggerated jogs have been observed to be. due to non-periodic chipping that 

occurs in a rather random manner, the tendency.of chipping being a function 

of the material machined and the tool material and geometry. The resultant 

wear curve up to point A is made up of three parts. 

1. A rapid initial breakdown 

2. Gradual uniform wear 

3. The chipping out of particles larger than those produced in 

uniform wear. 

At point A the catastrophic wear rate sets in:and. the tool fails rapidly. 

It has been found convenient to separate the three types of wear and 

to study them independently. In this way a .better view of the life that 

can be achieved in the absence of chipping and initial breakdown can be 

obtained. The dotted curve represents the wear curve that would be obtained 

in the absence of initial breakdown and chipping. The portion of the curve 

extending from B to C is seen to correspond to a portion of the dotted 

curve displaced. 
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In order to illustrate the type of curve that. Fig.19 is meant to 

represent a specific example will be considered for a Ti. 140A specimen 

machined with a very. hard carbide tool at 150 fpm (Fig. 20). An unusually 

large jog occured at. point A due to chipping,.but the equivalent portion 

of the wear curve from B to C (Fig.. 20) was immediately resumed. At a value 

of w of about 0.015 in. catastrophic failure..began. 

From the observations of a large number of.wear.plots it has been 

found that the gradual wear curve when machining titanium is parabolic 

corresponding to eq. (21). displaced an amount equivalent to the initial 

breakdown. The gradual wear curve that has. been found applicable when 

machining titanium is 

L = const.(w* - w,) (26) 

where w, is the value of w corresponding to initial breakdown. The specific 

equation of this type for the data of Fig. 20 is 

Bie a6epx.0° (Wa: —a9x10°) (26a) 
and is shown by the dotted curve in Fig. (20). For this example the 

following values obtain: 

Lo = -317 

L* = 1600 

Lat = 3750 

This means that the 0.015" wear land life would be 3750 ft if no 

chipping or initial breakdown occurred. Comparing this with the actual life 

it is seen that initial breakdown and chipping..are responsible for an 

unusually large.reduction in the life of the tool. This, however, is to be 

expected for such a hard tool with zero degrees side cutting edge angle. 

The foregoing method of analysis is far more revealing. than the conventional 

tool life analysis... In the example considered. chipping. is responsible for a 

49% reduction in-life.from that potentially available while initial breakdown 

is responsible for an 8% reduction in the.potential life. 
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Wear Tests on Titanium Alloys — In order. to study. the wear 

characteristics of different tool material — titanium alloy combinations, 

a special test apparatus was devised in the hope..that it would speed the 

testing. A piece of titanium about 3" diameter was mounted in the lathe 

between centers and a light cut taken from. the surface with a clean carbide 

tool in order to clean the surface. The apparatus. shown in Fig. 21 was then 

swung into place and a wear test made. 

The wear apparatus: consisted of a rigid. arm pivoted on bearings, 

(A) mounted on a.bracket, (B) attached to the .crass:.slide. A dynamometer (C) 

capable of measuring vertical (N) and tangential (F) components of force was 

mounted on the arm, and a specimen holder (D). which: held a 1/4 inch diameter 

specimen (F) of tool material, with its axis at..right angles to the work-— 

piece axis, was attached to the dynamometer. Normal:load was applied by 

placing weights (F) at any point of the arm. The wires show connect the 

dynamometer bridge circuits to the strain recorder used.to automatically 

plot forces F and N as the test proceeded. The 1/4 inch diameter specimen 

was fed along the axis of the workpiece.at. such a rate that new material 

was continuously traversed... The temperature at: the work - tool interface 

was measured by the thermoelectric technique used in cutting to be 

presently discussed. 

The nature of the wear scar left on. the. tool.specimen after a test 

is shown in Fig. 22. The volume of material. removed.(W) is related to 

the major axis of the elliptical wear scar.(2a).,.and. the diameters of the 

two specimens (d) and(D) as follows: 

Misnigalee ey (27) 

13.46D - 

or since d was always 1/4 inch 

W ileal : (28) 

26.9202/2 
Representative wear data obtained from this apparatus are shown in 

Figs. 23 to 25. In Fig. 23 test results using K-6. carbide against Ti 140A 

are shown. The rate of wear is seen to have a general.linear trend, but 
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to deviate from this general trend significantly for short periods of 

time. The vertical jogs in the wear curve. are.believed to result from 

chipping or the loss of relatively large.particles of tool material from 

time to time, while the. horizontal jogs are the results of the development 

of a built-up protective layer. It.was generally found that a period of 

zero or slight wear was followed by a.sudden..loss of material as the pro- 

tective layer became. so large as to be unstable. ..In Fig. 24 the results of 

tests at three speeds are plotted together.to..show. that unlike the wear in 

cutting this wear is approximately independent..of sliding speed. The data 

of Fig. 25 show results for different tool materials. where it is evident that 

HSS exhibits less rapid wear than the carbides, and particularly the very 

hard carbides... Ae 

The results of Figs. 23 to 25 resemble those obtained in cutting at 

very low speeds... Under such conditions 

1. Carbides will wear more rapidly than HSS 

2. Wear rate will be independent of speed since surface temperature 

are so. low that temperature. is not the. quantity of paramount importance 

3. Wear is very erratic alternating. between a slow rate when a built— 

up protective layer is being formed by .a.smearing action and a 

more rapid rate when this layer leaves the: surface and chipping 

occurs. 

The basic difficulty with this sort of wear test lies in the fact that 

the same temperatures are not reached as in..cutting when the speeds are the 

same. For example, in one that operated at.a normal load of 9 pounds and a 

speed of 160 fpm, the coefficient of friction was observed to be 0.62, 

while the mean contact temperature was but 465F. In a cutting test at this 

speed the temperature on the face of the tool wowid have been several times 

this value (see representative values in Chapter 5). The intensity of shear 

stress on the wear surface is of a much lower order than in cutting and as 

a result there is a greater tendency for the softer metal to smear onto the 

harder surface and to build up a protective layer which upon leaving causes a 

chipping type of wear. In cutting, the surfaces are cleaner and the greater 

mean shear stress causes the protective. layer to be largely swept from the 

surface as fast as it is built up. The appearance of the wear area resembles 
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that found on a cutting tool at very low cutting speeds. Thus, for several 

reasons the wear characteristics in the wear test at speeds in the nornal 

cutting range resembles those for.a cutting tool operated at a very much 

lower speed. 

The gradual rate of wear (dotted curve) of Fig. 20 may be compared 

with that of Fig. 23 since these tests were.run under comparable conditions 

except for the method of test. From equations (17) and.(26a) we have 

L = 16.7x10° ect 

1/2( .06) tan(5) 

if the initial breakdown of the tool is ignored. From this equation the 

volummetric wear per foot (W/L) is found..to..he :0..16x107~”. ou in/ft. From 

Fig. 23 the value of (W/L) is found to.be.0.64210-’.cuin/ft. Thus the 
rate of wear in the wear test is seen to be greater than:that found in a 

cutting test at the same speed... This may..be explained by the fact that 

the rate of wear of cutting tools is.normally .greater.at very low speeds 

than at moderate speeds... The tool life ~ speed curve will normally be as 

shown in Fig. 26. While the wear rate for the.cutting test corresponds to 

point A (low wear rate) the value for the wear test might be at point B 

(high wear rate) due to the equivalent speed being so much less for the 

wear test. The fact. that very hard tool materials.yield higher rates of 

wear in the wear test (See Fig. 25) is in keeping with the..concept of a 

low relative speed, since very hard carbide tools frequently give poorer 

life than softer. tools when .operated at.very. low. cutting speeds. 

In view of the major differences that exist between. a friction-slider 

and the surface of a cutting tool further. tests on the wear apparatus were 

not made. It was considered preferable to. study the. wear..characteristics 

of the actual cutting process instead. 

Tool temperature - The temperature at. the tip.of a cutting tool is ex- 

tremely important with regard to tool life. «The. cutting: speed is the single 

most important operating: variable.having an influence on tool life, and the 

chief effect of cutting..speed in turn resides..in its: influence upon the 

temperature of the. cutting tool. 

A relationship. connecting tool temperature with other quantities of 
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greatest importance may be obtained by a simple application of dimensional 

analysis which is a useful analytical tool in certain engineering subjects 

notably fluid mechanics. We begin by listing. all variables influencing 

the temperature together with their dimensions in .terms..of the fundamental 

set: temperature (@), length (L)., force (F), and time (T): 

Table 5. Dimensional Analysis for Tool Temperature 

Symbol Quantity - Dimensions 

6, Mean tool face temperature a) 

u Total energy per unit volume FL~” 

v Cutting speed tr? 
t feed L 

k thermal conduetivity of work pr tet 
fre volume specific heat of work reo 

Careful study will reveal that this.is the total list of variables 

of primary importance for a tool of fixed. geometry.:.. For example it should 

not be difficult to see that the depth of cut (b) is relatively unimportant. 

Upon performing the dimensional analysis. following the usual technique (8) 

we obtain 

pe. Jed A (1 for vat ) (29) 

where id is some function that cannot be determined by dimensional analysis. 

It is found experimentally that to a good. approximation when 

6, Pe is plotted against ved Re ct_ }on log-log coordinates a straight line 
as. rare 
is obtained having a.slope:.of -0.5 and hence 

as (As 22) coal = constant. (30) 

= const u (31) 
V KP 

If we had been a little more astute we should have noted that in 

heat transfer problems involvinga moving heat. source, k and fe are 

always associated as the product (kP ¢c) just as the quantities 

E (young's modulus) and I (moment of inertia) come into all elastic 
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deflection problems as the product (EI) but in no other. way. If then the 

dimensional analysis were repeated using (k Pc) in place of (k) and (fe) we 

end up with but one dimensional group and hence 

at. [Le baelgceiete | | (32) 
u vt 

which is identical with equation (31) and.obtained without recourse to direct 

experiment. ; 

Equation (31) is useful in understanding the influence of workpiece 

hardness and strength (u), workpiece thermal properties..(k fc) and of 

speed (V) and feed (t), upon the mean tool temperature. The thermal group 

(kf?c) of the.workpiece.is.seen to be the.important quantity with regard 

to tool temperature.. It is revealing to consider the.relative tool 

temperatures to be expected for the materials. listed below. 

Table 6. Values of u and (kfc) for several metals 

Metal us in lb/cou in x 10° (k Fe), (BTU/in2°F)?/sec x 10° 

1020 steel 0.3 27 

75-ST Aluminum O.1 34 

140A Titanium 0.3 6.4 

If each of these metals are cut with the same feed, at a speed to give 

the same tool temperature, the corresponding speeds.will stand in the ratios: 

2 
Veg 4 Pons \ (st) = 2 
Vote \¥F Sst be 

Thus, if a speed of 500 fpm gives a tool temperature of 1000 F when cutting 

steel, the corresponding speeds to give the same temperature for aluminum 

and Ti 140A would be 

V..= 5650 fpm. 

Ving = 120 fpm. 

It is seen that whereas aluminum may be machined at a very high speed 

relative to steel, titanium must be machined at a.relatively low speed com- 

pared with.steel. The reason that titanium alloys must:be machined at such 

low speed is seen to lie in their unusually low values of (k Pc). 
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While the foregoing treatment represents a.useful first approximation 

a more elaborate analysis can be performed that introduces several other 

secondary factors influencing tool temperature. .Such an analysis has been 

given in a recent publication (9) but only a qualitative picture of what 

is involved will be given here. In the more..elaborate analysis it is 

recognized that heat is dissipated at two important negions in the 

vicinity of the tool point, 1) along the shear plane and 2) along the 

tool face (see Fig..27).. The assumption that.all of..the shear energy 

is converted into a quantity of heat (Q,) on. the shear plane while all 

of the frictional energy. ends up as heat (Q,). on the tool face is a good 

one. If R, is the fraction of the shear plane heat.going into the chip, 

the remainder (1-R, ) Q) flows into the workpiece. By equating the mean 

temperatures along the shear. plane computed as points in the chip and in 

the workpiece respectively, expressions for Ry and the mean temperature 

on the shear plane (6.) may be found. Similarly, by equating the tempera- 

ture rise at the tool face. computed first as a point in the chip and then 

as a point in the. tool, the quantity R., 

temperature rise at the tool face. The mean tool face temperature (0,) 

may be found together with the 

is then the sum of the mean shear plane temperature (0.) and the mean 

temperature rise at the tool face. Four important quantities result 

from the more elaborate calculation: 

1. Fraction of shear. energy Ae ees (R,) 

2. Mean shear plane temperature (0.) 

3. Fraction of tool face energy going to chip (R,) 

4. Mean tool. face temperature (6,) 

From the more elaborate analysis it is found that the depth of cut (b) 

has a very small effect... The mean tool temperature.also decreases slightly 

as tool conductivity increases. 

The mean tool temperature (0,) can be measured. experimentally by 

measuring the thermoelectric emf generated at the interface between a tool 

and dissimilar work material. The usual arrangement for making such 

measurements is shown diagramatically in Fig. (28) where the hot junction 
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of the thermoelectric circuit is at h while cold junctions are at a and c 

with intermediate junctions at b, d, and e. As long as the temperatures 

at a, b, c, d, e remain constant the emf measured with the recording 

potentiometer.(P) will be a measure of the temperature at. h. The amalgamated 

copper disc which rotates in the mercury cup provides a means for completing 

the circuit without the use of a slip ring or brush system.of possibly 

variable contact resistance. 

With most carbide tools the emf developed at the brazed junction 

with the shank becomes noticeable as soon as heat reaches this point. 

However, this spurious voltage can be compensated by making the wire of (a) 

of alumel and attaching it directly to the carbide. Since alumel happens 

to have very nearly the same thermoelectric properties as most carbides 

the effect of temperature changes at the brazed joint are reduced. 

Furthermore, temperature equilibrium is reached at the tip of a cutting 

tool in a fraction of a second, and usually the temperature reading can 

be obtained long before the brazed interface.has an opportunity to 

become heated. 

There are two fundamental difficulties: associated. with the use of 

thermoelectric data. One lies in the fact..that..the. chip-tool interface 

actually consists of a large number of junctions each-of which generates 

its own thermoelectric emf. These miniature thermocouples are connected 

in parallel and the value measured is some. sort..of. average value, the 

particular average obtaining depending upon the.nature and extent of the 

stray currents that flow between adjacent. thermoelectric junctions. 

The second. difficulty is associated.with..the-presence of a transferred 

layer of buiit-up material upon.the tool face....Such a layer when present 

removes the corresponding junctions from the measurement since there is 

no longer a dissimilar pair of metals at the interface. However, the 

dissimilar metal interface is not removed entirely but is merely transferred 

to a point where the temperature is lower due..to the. steep temperature 

gradient that. always obtains near the surface.of a cutting tool. The 

result of a built~up layer is to yield mean..temperatures that are too low. 
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Despite the two objections discussed above the thermoelectric 

measurements appear to agree quite well with computed temperature values 

provided the speed is sufficiently high. so that no large amount of built—up 

edge is present. 

In order to convert measured values. of..emf.to temperature values, 

each tool—work combination must be calibrated... This is readily accomplished 

by use of the apparatus shown in Fig. (29). A-long piece of work material 

in the form of a chip is placed in a bath of.molten metal near the tip of 

a long piece of tool material (direct contact need not be made). A standard 

chromel—alumel junction is placed close to the chip and tool and the metal 

bath heated by means of an electric heater. ..One recording potentiometer 

measures the emf from the standard couple while the.other measures the 

emf from the chip—tool couple to the nearest.0.1 mv. The cold end of the 

tool must be kept at constant temperature. This is most easily accomplished 

by brazing several pieces of tool material together to provide a long "lead". 

The cold end is further kept cool by means of a damp-cloth. It is usually 

convenient to use a. long enough length of chip..so that the cold junction 

correction at the cold end of the chip offers no problem. The sign of the 

thermoelectric emf of HSS against steel.(or Ti) is opposite that for 

carbide against steel (or Ti). Calibration curves for several tool-workpiece 

combinations are given in Fig. 30. 

Since calibration curves are inconvenient to obtain attempts have been 

made to decrease the number of curves required. One of these is the two-—tool 

thermocouple technique of Gottwein and Reichel. By this method two tools 

of widely different composition are used simultaneously. Then, if the 

temperature at both tools is the same the potentiometer reading will be 

independent of the work material and will depend.only on the tool materials. 

A single calibration of one tool material against the other will then 

suffice for all work materials. 

Unfortunately, the basic assumption on which this method is based, 

namely, that the temperatures at both tools will be the same, is false. 

Chip-tool interface temperatures are dependent upon the tool materials due 
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To the different friction and thermal properties. pertaining to each tool 

material. The set-up is-.not only complicated but the useful speed is 

limited by the weaker of the two tool materials which is usually HSS. 

While the two tool method has been used in Germany as an acceptance test 

to check the uniformity.of material to be machined it is not a useful 

research method and will not be used in this investigation. The single tool 

thermocouple method already described will be used -instead. 

Representative values of cutting temperatures.and their interpre- 

tation will be presented in Chapter 5. 

Lemperature and the Tool Life Equation - The Taylor equation 

(eq. 25) expresses the relation between tool life in minutes (T) and 

cutting speed in feet per minute (V). If we differentiate this equation 

we obtain 

at L av oes 4 (33) 
This says that the percent change in tool life is proportional to the 

percent change in cutting speed, the factor of-portionality being (2). 

In most cases the value of n is of the order.of 0.1 which then means 

that the percent change in tool life is about.10.times the corresponding 

percent change in speed. pe ba 

In the speed range where the Taylor equation. holds (i.e. for speeds 

above say 100 fpm) the temperature plays a very important role in de- 

termining tool life and it is for this reason .that small changes in 

velocity have such.a large effect on changes in tool life. From 

equation (31) it is evident that tool temperature varies as yi/2 and 

hence from equation (25) 

ne aL 

Oy 
If n is equal to 0.1, then tool life is seen. to vary inversely as V to 

Tool life (T)~ 
Vv 

the tenth power (another way of saying what was said above in terms of a 

percentage change) but.inversely as 0, to the twentieth power. Small 



Phd 
gs 

a eo. 2% 
™6)F4 

3 

Sore 

at wre 8 ss | 

ere eTae 

as e OCU 

iw eit 

ol 

Din 

F KUpS 

we) 

soy oF 

; ¢s) tated viii« 
B 

. Se tues 

uabbangserrrcs. ers gests, OF J voce eh 6 TEL food al ge 

{ "ms 

TO..¥5 3 

@ 

1S SB 

at ot 

huispe 

“yY 5 ci4 ray mr 

Sis pra lo Aa ; , 

r on 
- i t f we 

unin tasitec 

(Aestoeds tut bel AP hiangs yino Jom At Gt-Joe ott 3 

dinich: etabyotem Loot ovt att 26 seaeew edd 

vo 
Le he 

be 

woLAtegttzev yidd at beew 6¢ dem) DER ise 

syurtrteyes! quite To semise visas 

ot coLseed ott fool ait pms epi 

ede 

wottro¢ Yo sotos't adit jbeege gant Ho abe 

heme OR 0k) ebLon 

& 
“7 16 need at evade bee beriaal Seat ‘pat ip 

ti dicdingn yrev's eyelg out areca? nat at one 

ref seg eeio » piShe cadt nidesen ede wot ef Oe) ban othr J yee 

ey 

fortes Sy =n ee hin spices owt ae re) 

ee | is me, ‘ 

STL! Loot at senna’ oo toetie egret estou 8 

Rebireqenq' Sacral bas Apbveta savTetk 

ity “od ob berg goed sad Dheiger Loot oa 

ari sisi 4 di f Oy Leet 2) AS T3 vi ir co} fre: 32 

mu of (ilw bedimoush yhnetie fodtem etme 

4 
-t vetqudd al Betasaerg thi. ' 

atil food? seented nolftatet eny cenuerpet 

lilh ew TT> J4U) stocks yea Gest aa 

‘eae ; % 
sf 2itt Leotk at epnado sasotedq end 

6 ta.sebrs edz to af o To encay <ul 

«Be 

ceanat: 4. tolyat oft Pore agree | 
oH a 

wae iad, 

grin re ee “ he . ( 

hh am) ct md 



na 

changes in tool temperature thus normally give.rise to very important 

changes in tool life. This effect is seen to be the more pronounced as 

the value of n decreases. 

Actually the value.of the exponent n in the Taylor equation (eq. 25) 

may be considered a.measure of the degree of importance of temperature re- 

lative to tool life. At low cutting speeds. tool life is independent of 

cutting speed. In this range of cutting speeds. the exponent in the Taylor 

equation (n) will be one. This may be seen as follows. Since the tool 

life (L*) in feet is related to tool life in minutes: (T) as follows: 

L* Das (35) 
then upon substituting for T in the Taylor equation.(25) we have 

n A 

The only way L* can be -.independent of V is for n to.be one. Thus, the 

Taylor equation for slow speed cutting reduces to 

L* = constant. Csi 

As the role of temperature becomes more. important the value of (n) 

in the Taylor equation decreases. In most cases. values of n are found 

to range from 0.05 to 0.2. The magnitude of n does not depend on the 

absolute tool temperature alone but really reflects the importance of 

temperature upon. wear relative to other causes.such as general affinity of 

the metals, abrasiveness, or cleanliness of the-surfaces. On the other 

hand, the constant CG in the Taylor equation depends directly on tool 

temperature. (C is the value of speed corresponding to a one minute 

tool life). Thus, we normally find that values. of n for HSS tools are 

slightly less than corresponding values for carbide tools, while the values 

of C for these two materials differ by a-factor of about 3. The following 

are representative values for n and C for HSS and carbide tools respectively 

when mild steel is machined. 
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Table 7. Representative values of.n and C.in Taylor Equation 

Tool Material Ne Cc 

HSS . eis. 200 

Carbide o15 600 

Inasmuch as we have found. that titanium gives unusually high tool 

temperature we might expect to find unusually. low values for n and C 

in the Taylor equation. While C is found to be about 1/3 that for steel, 

the values of n are nearly the same as those for.steel. This is due to 

the fact that. although C depends directly on the influence of temperature, 

n reflects the influence of temperature on wear. relative to other causes. 

Since titanium has a. very strong tendency to bond to steel as well as to 

yield high cutting temperatures the resulting values of n turn out to be 

very close to those for steel when either a HSS or. carbide tool is used. 

Machining Economics - In choosing the. operating variables to be used 

in any machining operation we are usually not interested in obtaining the 

longest possible tool life or in operating at the shortest possible cycle 

time. However, we are interested in producing a piece with satisfactory 

surface finish atthe. lowest possible cost. In roughing operations the 

question of finish usually does not arise. and we»will consider a roughing 

operation first. Gilbert (10) has presented an..equation for the tool life 

corresponding to minimum cost and-this is.derived below. 

In computing the maching cost per part, four items should be 

considered: 

1. Cost of machine and operator including overhead for time to make 

cut (Tc). If x is cost of machine in ¢/min, then. cutting cost per part 

is (x Tc). 
2. Cost of machine and operator during time required to change work— 

pieces. If idle time to change work is .(Ti) then work changing cost per 

part is (x Ti). 

3. Cost of machine and operator during down time (Td) necessary to 

replace worn.tools. The cost of tool replacing time per part will be 

To 
x Td “Tr where T is the tool life, Tc is the time to cut one part and 
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hence T/Tc is the number of parts produced per tool. 

4. Average cost to regrind work tools (Y¢). Tool reconditioning cost 

per part will then be. Y (tc/T). 

The total cost per part (¢) is the sum of the four foregoing items or 

f= xTc + xTi + xfd = + x = | (37) 

The cutting time per part will be 

pr = 1D (38) c Vtl2 
where D is work diameter, in 

By is axial length of work, in 

t is. feed, ipr 

Substituting into equation (37) we obtain: 

After eliminating (V) from equation (39) by use of the Taylor equation (25) 

we may differentiate the cost (¢) with respect. to T and equate the result 

to zero to find the tool life for minimum cost (Te When this is done 

holding the feed (t) constant we find the usual.value for the cost of 

optimum tool life (Te 

a OT fees Raa at ED (FY : 
Where n is the exponent in the Taylor equation (25). From the Taylor 

equation, the speed corresponding to (T) is 

Yas (41) 

The tool life in minutes for minimum cost (T) is seen to depend only 

on a combination of the machine cost, tool regrinding cost and down time 

Camts) and a function of the exponent in the Taylor equation (n). 

Thus, since it has been observed that (n)will have about the same value 

when machining titanium as when machining steel we.should expect to find 

about the same economic tool life for titanium and steel when using a tool, 
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machine and operator of the same value. However, in equation (41) the 

speed to give minimum cost (Vv) is seen to depend on the constant C in 

the Taylor equation and hence si for steel should. be expected to be 3 or 4 

times that for titanium. 

When speed (V) is held constant and the feed (t) is varied, a sort 

of Taylor equation is found to hold for tool life (T) for large values of 

feed 

tT 1= C, (22) 

where n, and C, are constants. 
a 

In a roughing operation the feed may be chosen (with speed held constant) to 

give minimum cost in the same way the speed was chosen for minimum cost 

when the feed was held constant. It can be similarly shown that the tool 

life for minimum cost in the case of variable feed is 

td + ¥ 7 ae 

mee x 1 eae) (43) 

while the corresponding value of optimum. feed (t.) is 

a 
th ca nl (44) 

In a finishing operation the maximum allowable feed will usually be 

fixed by considerations of roughness. . As the feed is reduced the speed 

for minimum cost per part (v will increase. The value of (n) in the 

Taylor equation is approximately independent.of feed and hence (T) should 

not change appreciably with feed. However, C in the Taylor equation 

increases as feed.is reduced and consequently (v_) increases with decrease 

in feed. A better finish will then be produced. by reducing the feed for 

two important reasons. 

1. A direct. reduction in feed roughness. 

2. The resulting increase in . A will usually. give rise to less 

built-up edge. 

Finishing operations can be carried out most economically if the 

following rules.are applied. 
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1. In those cases where a high speed is.not.needed to give good 

finish, the feed should be as large as. possible. 

2. In those cases where (V ) corresponding, to the feed of first 

choice cannot be used due to he limitations, an attempt should be 

made to use a larger feed which will yield a lower value of V In each 

of the above cases an. increase.in nose radius may make it ee to 

operate with increased. feed and still produce the finish desired. While 

the general rule.of the workshop calls for light. feeds and high speeds 

in finishing operation, it should be appreciated that the most economical 

finishing operation corresponds to the-one utilizing the largest feed 

permissible. 

While it might be expected that difficulty due to built-up edge 

roughness might.be. experienced in finishing operations on titanium due 

to the low cutting speeds used, this is not true due to the inherent 

tendency for titanium to form a small built-up. edge. 

In equations (40) and (42) the cost ratio R = oes appears. 

This quantity has the following range of values for most practical applications 

where the higher values of the range correspond to cases where the tooling 

cost is relatively large compared with machine and operator cost. 

Table 8. Representative values of machining cost -ratio (R). 

yo1a +r Y 
min. x > Range of R= 

Tool .Material Ye 

. HSS 5 to: 15 

Carbide 25. to ‘75 
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Chapter 4 

Low Speed Cutting. Tests 

A series of tests has been conducted to. determine the cutting 

characteristics of titanium at very low cutting speeds. Ti 140A was cut 

at speeds of .4 fpm and 12 fpm. For purposes of comparison, similar tests 

were also made on C1112 steel. The apparatus used is shown in Figs. 31 and 32. 

The tool was fastened to the column of a milling machine while the workpiece 

was held in a dynamometer and fed past the tool by means of a table feed. 

The exact depth of cut was determined by indicating the cut surface relative 

to the dynamometer before and after each cut.:. .The. difference between the 

two readings is obviously the depth removed (t) which corresponds to the 

feed in a turning operation. 

The standard test.conditions were as follows: 

Speed (V), .4 and 12 fpm | 

Depth (t), .002, .004, and .008 in. 

Rake angle.(oc), 15°, 30°, 45°. 

Fluid:.. dry, CCl). 

Experience shows. that. when tool life is of major.interest, the stresses 

and temperatures existing at the chip—tool interface are of considerable 

importance. A quantity which reflects both stress. and temperature is the 

total cutting energy per unit volume (u).,. which, energy is found to be a 

function of the following variables: 

Material cut 

Cutting speed (in the low speed. range) 

Depth of layer removed (feed in turning) 

Width of cut (depth of cut in turning) 

Effective rake angle 

Friction. condition on the tool. face. (cutting fluid, etc.) 

Tool sharpness 

In the tests. considered here, material, width.of cut and tool sharpness 

were held constant. 
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Fig. (33) shows. energy per unit. volume.(u) plotted against depth of 

cut (t) for different. conditions of speed, rake. angle and fluid. The 

conclusions that may be drawn from these data. include: 

1. At OC= 15°, and at large depths of cut, the energy required to 

remove a unit volume of titanium is actually less than that required for 

a soft, free-machining steel (C1112). 

2. As the rake angle is increased. from.15° to 30° the decrease in 

energy for steel is. quite large (35%-45%) while for titanium, the decrease 

is hardly noticeable (0%-10%). The major reason for this apparently lies 

in the difference in chip formation between steel and titanium. When 

cutting C1112 steel, a continuous chip is formed. Increasing the rake 

angle will increase the shear angle, thus.decreasing both the shear stress 

and the area over which this stress acts,.. the net. result being a decrease 

of specific energy (u). On the other hand, at. low speeds, titanium gives 

a discontinuous chip. It has been observed..that the:.angle of fracture 

varies very little with rake angle. Because of this, the fracture stress 

and fractured area will:remain essentially constant. 

3. Over the.range of depths investigated, the decrease of energy as 

depth increases is.much greater with titanium than with steel. Itis 

generally accepted that materials exhibit a greater strength when very small 

specimens are tested than when. large specimens.are.tested. Metal cutting 

provides a means of "testing" very small specimens.because when a continuous 

chip is formed, the plastic deformation is largely limited to a very small 

zone along the shear plane. A direct result of this size effect is an 

increase of energy at low depths of cut. However, this is usually not 

appreciable until depths of. about .001 inches.are reached. In the case of 

titanium the size effects appears to be quite pronounced: even in the range 

from .005 — .008 inches depth of cut. Perhaps.this.is.due to the fact that 

a large portion of the energy is consumed in a small region surrounding 

the fracture surface between two discontinuous chips. If this is so, and 

it seems quite probable, a large portion of the energy: will vary with the 

amount of fracture. surface produced. As the depth of cut is decreased, 
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the discontinuities tend to remain geometrically:similar. Thus, the 

fracture area increases. inversely with the depth. This would explain 

why the size effect. in titanium persists.to such large depths of cut. 

Cutting Fluids:— It is quite apparent..in.Fig..33 that the effect of 

a cutting fluid on titanium is greater at.»small rake angles and at low 

speeds. The speed effect is consistent with the usual observation that as 

the speed is increased, there is. less time for.fluid penetration and for 

chemical reaction of whatever fluid is able to penetrate. 

Table 9 shows..the effect of a series. of. cutting fluids on both titanium 

and C1112. The numbers listed represent the percentage:decrease in energy 

per unit volume (u) when cutting with a fluid.campared to cutting dry. 

Table 0. Effect of Cutting Fluids at. Low. Speeds 

: OC= 15°; t = .005 inches 
Decrease: of Energy per Unit Volume (u) % 

Fluid Cil12 Til4OA 

0.4 fpm 12.fpm 0.4 fpm 12 fpm 

Carbontetrachloride 45 2 36 7. 

Lauryl Alcohol 34 3 6 ) 

Aerosol (0.1% in 
water) 29 9 —3 0 

Lauryl Mercaptan 28 ff 6 0 

STH - 34 in water 28 5 3 0) 

Oleic Acid aa 9 9 0 

Lauryl Chloride 22 0 6 0 

Distilled Water ay —1 ¢) 6) 

Benzene -10 -27 2 0 

Mercury = ~ >. _ 

This table speaks for itself. Of the normally active cutting fluids, 

only carbontetrachloride has any noticeable.effect at 12 fpm. At higher 

speeds, these fluids can act.as coolants, but.their effect upon the friction 

and cutting processes will be negligible. These cutting results are found 

to be in agreement with the slider friction test results reported in 

Chapter 3. 
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Inasmuch as the titanium chips produced.at low. speeds were discontinuous, 

the coefficient. of friction, stresses in the..chip. and. other values that are 

normally computed.in a metal cutting. study would.have n@ meaning and hence 

have not been presented. The only quantity that-appears to have meaning 

in such a case is the energy per unit volume. 

In summary it has. been found from the low speed tests that the energy 

per unit volume (u) is not excessively large when machining titanium, and 

does not decrease with increased rake angle nearly as much as in the case 

of steel. However, (u) does increase with decreased depth of cut much more 

rapidly for titanium than for steel. This would indicate use of small rake 

angles and large depths.of cut (0.010 inch or larger). It appears that 

most cutting fluids will have little effect other than cooling at speeds 

above 10 fpm. 
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Chapter 5 

Comparison Between Titanium and. Steel in Turning 

In the foregoing chapter a comparison was.made .between the low speed 

machining characteristics of titanium and steel. This study was restricted 

by the fact that the titanium chips were discontinuous. In order to obtain 

continuous chips or inhomogeneous continuous chips it is necessary to cut 

titanium at appreciable speed. In this. chapter turning results obtained 

under good machining conditions for a representative titanium alloy (Ti 140A) 

are compared with similar results for 1045. steel. 

In each case carbide tools were used since such tools give the best 

performance. However, the carbides chosen were not the same in each case 

but rather represented the best choice for each material. For the steel, 

a steel cutting grade carbide was used while for. Ti 140A a cast iron grade 

carbide was used. 

The general arrangement of the apparatus. is shown in Fig. 34, and the 

manner in which the chip and clearance faces-ef the tool were examined 

microscopically in wear studies is shown in Fig..35. The microscope is 

shown in position to observe the face of the tool across which the chip 

flows. The microscope is turned through 90 degrees te-measure the wear 

land on the clearance surface. 

Representative observed. data for Ti 140A and 1045 steel are given 

in Table 10, while calculated data are given in.Table 11. The values from 

individual tests are given in Table 10 in order to illustrate the nature 

of the variation between repeat runs. The average.values from this table 

were then used to obtain the calculated values given .in Table II. 

The values labeled ay and a, in Table 10 are.the minimum and maximum 

estimates of the extent of chip contact along the tool face measured from 

the cutting edge. These values were obtained by.measuring the distance from 

the cutting edge to the upper-most scratches.on the polished tool facé with 

a toolmakers microscope. The quantity (e) is the chip-tool thermocouple emf 

in mv., and forces Fo and Fo are the tangenial.or power force and nonpower 

or axial force components respectively as measured with the lathe dynamometer 

shown in Figs. (34) and (35). 
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Table 10. Observed Cutting Data.for Ti 140A and 1045 Steel 

Tool material, k-6 carbide (Ti-140A) and k2s.(SAE 1045); depth of cut, 0.06 in; 
cutting fluid, none; tool geometry; 0, 0,.5, 5, 5, 0, 0.0151 

Bee, |fest Took ¥. + e re a BRL a 
No. No. fpm ipr MVo Lbs; 1D. in. in. 

Ti 140A RA  lSO.O.010m 15.6. 180 -*«"82 e012 020 Lene 

1A a Tat es 84 e012 025 Le22 

2A 19.8 168 76 eO1LO 0023 L.22 

1 2A 16.1 LT 81 e010 025 0.90 

1B » at A fi eO12 0025 1.04 

is Gan A PER Bo i0.e ediBe -.013 .025 1.02 
Av. 150 0.0104. 15585 - 172 80 - eO12 ~O24 pe a 

2B 100 .0052 12.8 112 60 ~O10 e020 ° 74 
2 2B Lo .O 110 61 013 e020 80 

1G | 12.9 110 57 e010 O17 07h 

nob Ye | Oo ace 56... ,012 .020 .87 
Av. 100 .0052 a2.95 110 63.5 O11 e019 19 

SAE 1045 AR. | LOO. 400522. &.0 94 40 eO12 wes 40 

4A S.2 97 Al 015 L025 eA3 
3 5A 8.4 93 Al eOL2 0023 43 

A 8. eV: 028 40 

Av. -100°.0052. &.30 95 Al e014 e025 42 

4B 25Q 30104 11.4 193 83 e015 e030 A494 

4 5B 41.4 192 83 e019 2032 ALS 

5B 11.6 192 89 e015 0032 e472 

B Ge Rods Sos .038 4,52 
Av.; 150 .0O104 LL.§0 292 85 5017 033 «£6 

6A 400 .0104 
6A 

1. 

Av. 400 .0104 

535° .O104 - 206 102 
13.8 « 201 102 
13.8 213 i. 
13.8 221... 118 

210 108 

~020 
e020 
0022 
2020 
~020 

020 -043 

E038 
«O40 

In accordance with the ASA system of tool angle specification. 
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The chip length ratios. (r) were determined from chip weight. The 

value for the titanium.specimen cut at 150 fpm is seen to be greater than 

one; a very unusual observation. Upon examining the chips microscopically 

they look quite ordinary as shown in Fig...(36a). The chips of test 1 appear 

to be continuous. .However, when these same chips are observed microscopically 

we see that they are of the inhomogeneous type. The unusually large chip 

length ratio (greater than one) results from the inhomogeneous nature of 

titanium chip formation. When it was. observed that the chips of test 1 were 

highly inhomogeneous it was decided to make. a second test under conditions to 

give a continuous chip. By consulting Fig...11 it was decided to try cutting 

conditions corresponding to point B (point A.in Fig. 11 corresponds to the 

conditions of test-one) and when this was done continuous chips were in 

fact obtained. This is evident in Fig. (37b). Similar steel. chips are 

included in Figs. (36) and.(37) for comparison. By comparing the chip 

thicknesses of Fig. 37b and c) it is evident that continuous titanium 

chips are considerably thinner than corresponding steel-chips. This is 

also evident in. the mean chip length ratio values for tests 2 and 3. 

(0.79 for Ti 140A and 0.42 for 1045 steel). From the foregoing experience 

it would appear that. a note of caution is in order. Just because titanium 

chips appear to be continuous when observed microscopically is no assurance 

that they are so'in fact. Analysis of results obtained under inhomogeneous 

cutting conditions are very difficult to analyze:.and can be misleading if 

it is not recognized that inhomogeneous: strain.is involved in the chip 

formation. 

The data of Table 11 were computed in the manner outlined in Chapter 3. 

In interpreting these data it should be kept in mind that while the chips 

for test 1 were inhomogeneous all others were continuous. Study of the data 

presented in Table 11. allows several interesting observations to be made. 

1. The shear angle (J) is unusually large for titanium. This is 

associated with the unusually large chip length ratios obtained with titanium 

and results in smaller values of strain and higher chip velocities than 
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normally experienced in cutting steel. 

2. The total energy per unit volume (u) associated with the machining 

of titanium alloys.is about what might be expected for a steel of the same 

hardness. 

3. The shear.energy per unit volume . (u,) for titanium is lower than 

for steel (due to the smaller strains obtaining for titanium alloys) while 

the friction energy per unit volume (up) is unusually high for titanium. 

This is reflected in the ratio (uy u) which for steel normally runs between 

20 and 25% but for titanium alloys is between 40 and 50%. 

4. The shear stress on the shear plane (fT) is about the same for 

titanium and steel. 

5. The normal stress on the shear plane (o-).. is unusually nage foe 

titanium alloys. This makes it possible for the normally semi-—brittle 

titanium alloys (which break before necking in a tensile test - see Fig. 4) 

to produce continuous chips even when the.strain in the chips. exceeds 2. 

Were it not for the unusually high normal stress on the shear plane in 

the case of titanium, all titanium chips would be discontinuous. 

6. The coefficient of friction on the tool face is about the same 

when cutting titanium .and steel. 

7. The observed .tool temperatures are.very much higher when machining 

titanium than when machining steel. (For example, the temperatures for 

titanium and steel-under identical conditions (tests 2 and 3) were observed 

to be 1365F and -780F respectively. This is due primarily to the low values 

of (kfc) for titanium alloys. 

8. The agreement between observed and calculated cutting temperatures 

is poor when the chip is highly inhomogeneous (see. test 1). The calculated 

value for test 1 is unusually large and is. believed to be closer to the 

actual maximum temperature than the observed value. In inhomogeneous 

cutting the chip is starting and stopping periodically. When moving, the 

chip will travel above average speed and exceedingly high values of 

temperature will obtain. This is one of the reasons that cutting under 

conditions to give an inhomogeneous chip should be avoided. 

The surface finish produced when machining..titanium alloys is usually 
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much better than when steel is machined under comparable conditions. 

This is illustrated by the reproductions of plastic surface replicas 

shown in Fig. (38). These replicas were produced by moistening the clean 

machined surface with acetone and pressing a. thin piece of clear plastic 

into the surface. The solvent softened plastic. takes the form of the 

underlying steel surface. 

The tool life characteristics of Ti 140A and 1045 steel were also 

compared. Plots of the distance the tool travels over. the work (L) 

against the extent of the wear land (w) are given in Fig. 39 for both 

materials. All of the curves are seen to be distinctly parabolic in 

shape. The tool life in this study was taken OB, a 0.015 inch shoe land, 

and the corresponding value of L is designated an » The values. of ee 

obtained at the several speeds are shown plotted in Fig. 40a against speed. 

The curves for both materials are seen to have the same general shape. 

In each case a maximum tool life is obtained.as speed is reduced. 

The same data.of- Fig. 40a are shown replotted in Fig. 40b in the 

form of the more familiar Taylor plot where tool life expressed in time (T) 

is plotted against cutting speed (V) on log-log coordinates. The curves 

are linear and correspond to the Taylor equation (25) only at higher cutting 

speeds (above 100 fpm for Ti 140A and above about 200 fpm for 1045 steel). 

These plots are representative of the sort of tool life curves usually 

observed. Such curves have three distinct regions as illustrated diagramatically 

iniFig. (41). 

1. In the first region (1) corresponding to the highest speeds, 

temperature is the predominant variable and the wear rate is-a strong function 

of the cutting speed. This is the region where Taylor's equation (VT" = ¢) 

holds and n is usually between .1 and .2. 

2. In the seeond region (2) we have the type of wear that is experienced 

in most sliding contacts other than tools. The wear particles are very small 

and the wear rate is independent of speed. For this type of wear the 

exponent (n) of the Taylor equation equals one. 

3. In the third region (3) we have the type of wear that is characteristic 

of sliding under very high load and low speed... There is ample time for large 
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welds or junctions to form and when these come apart large particles are 

pulled from the sliding surfaces. This action.has been previously described 

in this report as.chipping. This is the type of wear that predominates when 

cutting with large built-up edge. In this region the rate of wear usually 

decreases with. increased. cutting speed since. the change in speed results in 

a decrease in the amount of built-up edge. Brittle materials such as 

carbides give poorer.results than ductile tool materials such as HSS in 

this region of operation. 

The curves of Fig.(40b) are seen to correspond to the diagramatic plot 

of Fig. (41). In the case of steel, region (2) is very small and the wear 

may be characterized as..being either of the chipping (low speed) or Taylor 

(high speed) varieties. In the case of Ti 140A, chipping is not nearly as 

pronounced and all three types of wear are distinctly present. The fact 

that titanium does not tend to forma large built-up edge even at low 

speeds was mentioned in connection with the good finish obtained when 

machining titanium. 

While it is impractical to use carbide to machine steel-at low speeds, 

good results are obtained when. titanium is machined with carbide at low 

speeds. This point is illustrated by the data of Fig. 42. Here, tool life 

results are given for HSS and carbide when.machining Ti 140A and 1045 steel 

at the low speed of 20 fpm. From these data.the following observations 

may be made. ‘ 

1. The carbide tool gives 4 times the life of the HSS .tool when 

machining Ti 140A but only 1/5 the life of the HSS tool when machining 

1045 steel. This reflects the strong tendency for steel cutting tools to 

chip at low cutting speeds and thus the need for.using. a more: ductile tool 

material (HSS) when machining steel at low speeds. Titanium having. a much 

smaller tendency to form built-up edge can use. carbide to advantage to 

much lower speeds. 

2. The machinability of titanium at 20 fpm with the best tool material 

(carbide) is superior to that for steel with its best tool material (HSS). 

At 20 fpm the poor thermal properties of titanium are not. important and 

the tendency for titanium to form less built-up edge results in a net 

advantage over steel. 
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In considering item (2) above it should be kept.in mind that the 

comparison is on the basis..of equal values of wear land. Normally 

HSS tools are used:.to.a greater wear land than carbide tools. For example, 

under ordinary conditions of speed and work material hardness, carbide tools 

are taken out of service when w reaches .03 inch.while HSS.is.kept in service 

until w is 0.06 inch.. As the cutting conditions become moresevere (higher 

speeds or more difficult materials) it.is advisable to reduce Woy in order 

to avoid the risk of total. tool breakdown. resulting .in increased: scrap loss 

and greater tool .reconditioning cost. We.might conclude that at low cutting 

speeds titanium will machine about as well as steel provided the best tool 

materials are. used. in.each case. 

In the high speed..region of operation tool. life may be AR in 

terms of the Taylor equation (VT = C).or.its equivalent in terms of length 

iar = B). The constants in these equations for.the Ti 140A and 1045 steel 

experiments of Fig. (40) are given in Table 12. 

Table 12. Constants.in Tool Life Equations 

Material A B n Cc 

Ti 140A 0.19 635 0.160 225 

SAE 1045 steel 0.26 4200 0.206 750 

The main use of the Taylor equation lies in. the. determination of the. most 

economical cutting speed following the analysis.given in Chapter 3. The 

assumption is of course made in this analysis that the cost-optimum speed 

lies within the range of speed for which the Taylor equation holds. An 

example illustrating the method to use when. a straight line relationship 

between log T and.log V..is not obtained is given in Chapter 7. 

Use of the economic tool life equation may be. illustrated by an example. 

If we assumes . 

a A 

400 #) 

1. the value of a machine and operator:is $8.per hour (or.13.3 ¢/min- 

2. the mean cost of reconditioning the carbide tool. used is $4.00°°(¥ 

3. the time required to change. tools.is.3.minutes (T, =. 3: min) 

then, the magnitude of. the cost ratio (R) in equation (40) is 
mu. + 2X 

R= =S————._ = 33 
x 
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which is seen to be within the range of values. mentioned in Tabte &. 

Substituting the appropriate values: from.Table.12.into equations 40 and 41 

we obtain the following.values for economic’ tool life and speed. 

Table:13. Economic Tool life: and Speed 

Material I. min pee fpm 

Ti 140A 173 99 

SAE 1045 Steel 127 276 

From Fig. (40b) these speeds are found: to lie: within the range for which 

the Taylor equation holds. The economic tool life for titanium is 35% 

greater than that for steel. 

The ratio of..economic. speeds (Vv) for two materials provides: a good 

measure of their machinability characteristics with regard to tool life. 

On the basis of this criterion the machinability of the 1045 steel of this 

example is related to.that. for Ti.140A as follows: 

Via( steel)..= 276.= 2.8 
Vin(T4) 99 

It may be said that the steel machines. 2.8 times as readily as the titanium 

alloy when both are machined most economically, in this particular example. 

The ratio of the speeds. to give a-60 minute tool life (Veo) is also 

frequently used as a measure of machinability,. and the resulting ratios are 

usually in good:agreement with those based:.on the foregoing: more’ logical 

economic comparison. : For example, in the present: instance we have 

V60( steel) Peed oe 76 

Y6o(T4) .206 
60 
22 

ol6 
60 

which is seen in this case to. be identical with: the ratio (V_ _ PUM Ae 
m steel’ m Ti 

A 240 minute tool life comparison’ is also sometimes used and for the foregoing 

example we have 
) V | BN 240( steel) = ~“"—35¢ = 2.58 
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This is likewise seen to be in good agreement with the economic tool 

life comparison and shows that when machinability is ‘based on the ratio 

of speeds corresponding ‘to. a. given tool. life:in minutes the particular 

time that is chosen: in the. comparison..is relatively unimportant. 

Photographs of representative worn tools used to cut titanium and 

steel are shown in Fig. 43. The greater area of:contaction the chip face 

of the tool in the.case of.steel. is ‘clearly. evident. 
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Chapter 6 

General. Survey 

In the foregoing.chapters of this. report. the data presented were chosen 

to illustrate specific points under. discussion. .In:. this chapter a number of 

the more important variables: that influence. the turning characteristics of 

titanium alloys will be .surveyed in a more systematic way.. While the number 

of combinations of variables that could be.studied is» formidable a reasonable 

picture can be obtained by taking some conditton as standard and: observing 

the influence of changing one variable at a time. 

Unless otherwise stated the standard condition corresponds ‘to the 

following: 

Table 14 = Standard Machining Conditions 

Tool Geometry: 0; 0, 5, 5, 5, 0, .015 in 

Tool Material: | K-6 carbide 

Work Material: Ti 140A 

Cutting speed: 150 fpm. 

Depth of cut: 0.060 in. 

Feed: 0.0104 ipr 

Cutting Fluids: None 

Wear land in determining tool life: 0.015 in. 

Data for HSS.tools are presented in only a relatively few cases since 

it became evident early in the investigation that the performance of carbide 

tools was superior. In the tool life plots L* corresponds to the length of 

work material that traverses the tool in feet to give a 0.015 inch wear land. 

The corresponding life in minutes (T) may be found by dividing this value by 

the cutting speed in fpm (V). 

Tool Geometry ~- Fig. (44) shows results obtained when cutting conditions 

were standard except for side. rake angle, which was varied from -20 to +10 degrees. 

Energy per unit volume (u) friction force on the tool face-(F) and temperature 

(6,) all decreases with increasing rake angle. 5 

Tool life appears. to have a maximum at zero degrees. The life would follow 
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the dotted curve were it not for the onset of excessive chipping at about 

zero degrees with this particular tool -— work combination. Usually with 

steel, u decreases about. 1% per degree increase: in rake angle and this in 

turn gives rise.to decreases in F and 0. 

It was found that-an increase in side cutting edge angle (SCEA) to 

10 or 15° enabled. the rake angle of carbide tools, to be increased to 

10 or 15° without exeessive chipping. Inthe case of HSS tools -considerably 

improved performance was obtained by increasing: both SCEA and side rake angle 

to 25°. A tool-life curve for such a tool is. shown at A (Fig. 48) which may 

be compared with curve B corresponding to the standard cutting’ conditions 

with a HSS tool. The reason that an increase in SCEA enables a higher and 

more efficient rake angle to be used without chipping lies in the fact that 

the increased SCEA causes the cutting force to be distributed over a greater 

length of cutting edge. 

In a few tests. with. tools of increased nose radius: (0.040 in) slightly 

improved performance was obtained. 

In summary it might be said that the desired tool. geometry for carbide 

tools used to cut titanium alloys differed little from the tool geometry 

that would be used. to cut a steel of the same hardness. As a point of 

departure a good set of tool angles to try. initially might be as follows: 

Sea pis De Pe LU, «02's 

Operating variables —~ The influence of cutting speed on tool performance 

is shown in Fig. (45). The energy per unit volume (u) is about. constant 

while the coefficient of friction appears to pass through a minimum value 

at about 150 fpm. The tool temperature varies as yi/2 in accordance with. 

equation (31). The unusually high temperatures that obtain at high speeds 

should be noted. The tool life curve for this material (Ti 140A) has been 

analyzed from the economic point of view in Chapter 5 and in this example 

the economic speed (Vm) was found to be 99 fpm. In this analysis it was 

also observed that the Taylor equation fit the tool life data to a speed 

of about 100 .fpm. 

Feed is found to have similar effects on cutting performance as speed 

(Fig. 46). However, the effect of feed.on energy per unit volume is found 

to be greater than that for speed. In fact. in Fig. (46) the effect of feed 

on (u) is found to be considerably greater than that normally observed for 
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steel, as was also found in Chapter 4 at.low speeds. The size effect 

evident in Fig. 46 for titanium at feeds in excess of .016 ipr, is usually 

nil for steel at this feed rate.: The friction force. increases with feed 

as might be expected, but not linearly. 

The tool temperature increases approximately parabolicly with feed. 

Analysis of the temperature curves of Figs. 45 and 46 reveals that temperature 

increases more rapidly with speed than. feed. This.is really: what might be 

expected from equation (31) where it is evident that a greater influence 

of V on temperature is. to be expected due to the smaller inverse effect that 

speed has upon-u. than feed has upon u. 

The tool life curve of Fig. (46) has the same appearance as that for 

speed in Fig. (45)... When the life curve of Fig. (46) is expressed in terms 

of time and plotted on log-log coordinates a straight line results 

corresponding: to equation (42). 

t °°! ='0.021 
This equation is similar to the Taylor equation but written: for feed instead 

of speed. In Chapter 3 economic analyses were presented whereby the 

speed (Vm) corresponding to minimum cost. per part. would be found at constant 

feed as well as the feed (t,) corresponding to minimum cost at constant 

speed. In Chapter 5 an example was presented.to. illustrate the determination 

of Vm. We may now continue this example to, find-the most economic feed when 

machining at 150 fpm and under the cost conditions of the previous example. 

From equation (43) the feed optimum tool life is found to be 

us 1 — 
a 2G - = 89 min. 

while the corresponding optimum feed is found. from equation (44) to be 

+= oar = 0.0063 ipr. 
g9 ° 

Thus, when machining at 150 fpm and under the cost. conditions previously 

outlined, the minimum cost per part would. be found to obtain at a feed of 

0.0063 ipr. Actually, the speed of 150 fpm is above the economic optimum 

(in Chapter 5 Vm was found to be 99 fpm) and the foregoing calculation should 

be repeated for a speed of about 100 fpm. If this were done it would be found 

that the economic value of feed at 100 fpm would be higher than the .0063 value 

given above for 150 fpm, and probably would lie in the vicinity of 0.010 ipr. 
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Tests in which the depth of cut is varied show that this operating 

variable is almost without importance, 

In summary it might be stated that speed and feed are the important 

operating variables, feed being only slightly less important than speed 

in determining cutting forces, temperatures and tool.life. A good combina- 

tion of speed and feed to use initially in machining a titanium alloy with 

a cast iron grade of carbide is 100 fpm at a feed of .010 ipr. 

Tool material - Representative cutting results for. three grades of 

carbide are given in Fig. (47). The energy and temperature results would 

lead us to list these materials in the following order of increasing 

performances K-6, K-8, K~2s. 

However, the tool life picture is more complex... The solid lines show 

the life . including chipping. At speeds below 140 fpm the tools should 

be listed: K8, K6, K-2s in order of increasing performance. This order is 

however reversed at speeds above 1450 fpm. The reason for this lies in 

the fact that the tendency to chip increases with decreased speed and with 

increased hardness of. carbide. At the lower speeds the harder carbide 

(K-8) while wearing less rapidly than K-2s has a greater tendency to chip 

and the net result.favors the K-2s carbide. At high speeds where the 

tendency to chip is less K-8 is superior to K-2s because of its greater 

resistance to wear. The dotted curves shown. give the tool life results 

for K-8 and K-2s without chipping oaks At all speeds.the K-8.curve is 

found to correspond to greater values of tool life as we should expect due 

to the greater wear resistance of the K-8 carbide. 

A note of caution regarding accelerated tool life tests would appear 

to be in order at this point. If only short time tests had been run, as 

is frequently the practice, the K-8 carbide would be clearly the best. 

However, as we have seen the economic cutting speed is apt to be in the 

vicinity of 100 fpm and in this region the K-2s.carbide is superior. It 

is suspected that recommendations of very hard carbides made, by other in- 

vestigators based on high speed, short length, tests may be in error for 

economic cutting speeds. 

In the case of HSS and stellite tools only tool life results are 
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presented in Fig..(48). Here it may be observed: that M~2 and T-1 HSS 

gave indistinguishable results while stellite.J is a little better. The 

tendency for stellite to chip is greater than.for HSS, particularly at the 

lower speeds. The previously mentioned desirability of using increased 

rake angles and SCEAs with HSS tools is evident.in Fig. (48). 

In summary we may.observe that it is.not safe to infer. tool life from 

temperature or energy values alone but cutting tests should’ be made. In 

general carbide is so much better than HSS in machining titanium alloys 

that it should be used where possible. While the cast iron grades of 

carbide usually. give better results with titanium than steel: cutting grades 

at very high speeds steel cutting carbides may give. better results at 

practical speeds. - The optimum gradé of carbide should be determined by 

trial. When HSS must. be used, large side rake angles and SCEAs should be 

employed (about. 25° in each case) 

Work material: - Results for different titanium alloys are: given in 

Fig. (49). The tool life for the four alloys tested are seen to lie in 

order of decreasing life as follows: Ti 1OOA, Ti 75A, Ti 140A, RC 130B. 

Comparing this order with the order of increasing flow stress in the torsion 

test results of Fig. 5 shows good correlation, and.it would appear that 

torsion data provides a good measure of the.relative machinability of 

titanium alloys. The values of u in Fig. (49). are.also seen. to lie in the 

same order as the tool life values. All of the tool life results obtained 

at speeds above 100 fpm for carbide tools plotted as straight lines on 

log-log coordinates in accordance with the Taylor equation. . Representative 

values of n and ©. in the Taylor equation (25) are given in Table 15, 

together with values for a 60 minute tool life (Veo) « 

In Table (15) results are given for Ti 140A machined: with 3 different 

carbides. When. the economic speeds are computed based .on the cost values 

of Chapter 5. (R.= cost ratio = 33) the cost optimum speeds: given in table 16 

are obtained. 
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Table 1 Representative. Constants for Taylor: Equation 
When feed is 0.0104 ipr (for tool angles etc. see Table 14) 

Tool Material Work v 

; Material n C 60 

K-6 Ti 1OOA e245 530 221 

K-6 aL 7 OR «190 4L,5 205 

K~6 Ti 140A » 160 225 Liv 

K-6 RC 130B LS .L60 170 90 

K-8 Ti 140A 0205 320 108 

K-2s Ti 140A eth5 220 hae 

T-l or M2 i Me OT «090 40 28 

Stellite J Ti 140A yO75 50 a7 

K-2s 1045 Steel «206 750 323 

Table 16. Cost Optimum Speeds for Different Carbides 

Tool Material Work Material Vm. fom Tm. min. 

K-6 Ti 140A 99 L73 

K-8 " 97 91 

K—2s " 102 195 

K-28 1045 steel 275 127 

From this table the optimum speed is seen to be about the same for all three 

tool materials (=100 fpm). However, the K-2s carbide is.seen to have a 

somewhat greater optimum life than the K-6 carbide, (and hence would give 

lower machining costs), while the K-8 carbide is distinctly inferior to 

these two. This further illustrates the observation made: earlier to the 

effect that very hard carbides do not show up well at practical. machining 

speeds. 

In chapter 5 it was pointed out that the 60 minute tool life is a good 

measure of the relative machinability of work materials, based: on economic 

considerations.. Using the data of Tables (15 and 16). it can be shown that 

this observation of a workpiece is approximately independent ofthe tool material 

used. 



<4 ” +, > tae ’ a4: no ti scope. yel_ zo? etssteno) evitatueserged 2h eftial. 
treaunrpiiey aatinan edaouanaind 2s ahs CF CE 9 oO Or 2 eee ee Ke Se eens Oe presen ng te ee 

mn : = tnt ied Valantl i ft Say 1 
efdaT ger .! + 40.005 Loor tol } tat \Of0.0 ef Bese #t aedW 

vw. 

. : KTOW 
3 ’ on a iM Od He | laliessM. 

A en ee en ae ———+ + ee ne ee ee a ee a ee oe 

; - 

o fy ‘Ty 
a { BA na | 

om ¢ re Ae CO PL . ~ Ad i +T . os lal 

4 

wre aren ~at vie . : 
Vad Cra dl. ia. LT 7 

Of ON Odt. GOES OF = 

BOL fy eos, AOAL IT 

ane § Os xf. AOAL IT : 
~~ " ‘ ~ PTY 

aC Od OPO. AOAL £T a 
_— 4 - sm ’ - ~~ - 

s i eyu. AOAL iT i ; 

res Oe" 30s. feet® @sol 
a i » nteadletalieaeccedipitethninatidiladieai a 

ssbidzs0 Jmesst ltd 192 shesgS mymtiqO teo0 ol side a" 

im pt mot mv isiresal ay 
i —- — ome ae 

at Re AOML IT , 
ff " Ao 

POL Sor tt ; 
st ATS feese @OL - ’ 

ad 

NE Lf i em tht A tl A ee AR i a 

estdt {ls rot ease odd tuode ed of meee et besqn .gumttqo ine oldad 

& ovad of sese ef ehidtas eS8-3 eft .tevewoll » (gt oor) : stat te 
a 5 

eviy bluow Ssaed bes) Edzas d-% edd nats eitt — ai Ret eri. 

of tobretal yliontverb ab ebidaso 8.4% odd oLtdy « 
ae 7 

ot sekfsae chan coitsevresdo edt aedurdanlit reds 

ointtosm Lsotioatg ts Lhew qr wore a ant ob nebiduan, Bal 
7 . 7 ‘ ey <> 

‘a ys: ‘ - ve 

boog s ef otis loot atumtn 03 odd deck 0 

oimonose 20 beasd »alelved.ss iow to wiitde eee: 

tatt avode ed neo th (OL bas &L) acide to  atab . 

ents. ‘to $e messed yled saxonas, bah 59, 
, mis 

oe, a 



-68- 

Table 17. Machinability of Ti 140A Relative to 1045 Steel 

Vm-Tit Y60 T° 

Tool material Vm-Steel Y60 - steel 

K-6 ; «360 »362 

K-8 0352 «365 

K-28 asiL soto 

1. Values from Table (15) 
2. Values from Table (16) 

From the values of Table (17) it is evident that a machinability rating of 

35% based on 1045 steel as 100% is a good approximation regardless of the 

carbide used in the comparison or on the exact method of comparison (i.e., 

whether Veo or Vm is used). 

In Fig. (50) the relative machinability rating for the four alloys of 

this investigation are given, with 1045 steel taken as 100%. These values 

are rounded off to the nearest 5% since the data from which they are 

obtained are not consistent with closer reporting. 

Cutting Fluids — When turning tests were performed using a wide variety 

of fluids, including gaseous atmospheres such as nitrogen, carbondioxide and 

trifluoro bromomethane negligible differences in cutting force were observed. 

The only exception to this rule was the case of carbontetrachloride which 

showed a 15% decrease in power force at practical turning speeds. Unfortunately 

this material cannot be used commercially. .These observations are consistent 

with those reported for slow speed tests in Chapter 4. When water base fluids 

were used a small decrease in the rate of tool..wear of the order of 10% was 

observed. 

From these observations it might be concluded that a cutting fluid is . 

not worthwhile in machining titanium. However, in certain. tests where the 

tool had a tendency. to fail catastrophically before the desired wearland was 

reached (as at point B in Fig. 16), it was found that use of a cutting 

fluid extended the wear land at which rapid wear. set.in even though essentially 

the same wear curve obtained with and without a fluid. This is another 



* o te 
oi | 

at bind) gaks +9065 a Sarid betwdortes ad tite rr ; 

awed Bhat nk aidan Pomeatc, arith aryonrtey 2 2 

iS. Tr RAW 

re 
4e we Ve 

if ih e. 

“a “? i 

wo Off BAOL) er roeco shanT ipa boreamen ‘bau, as) Jonas, Le. 

1) o¢nd tedaw red 6 Recgaid tet etasd fame wold 392 
Poe, Ta! | 

ite att to. ssw, toed to eat. ead te AP Oe fs 

¥ 

miso ,feport.in 6s a9ue es vehi ad Ae SHHORD.OH panels x 
a 

iw ‘sotneftnertatnodtao to sesh eat ean sirt esig od cotsate 

aheoqe Br 

~~ 

ay nat 
1.7 iy 

’ 

7, 
: ey r 4, 4 -* Py 5h thal 

om 4 Nee Dow Cam! penning sen yield gag A ear igs Mir ere | oman Lames 

t i 

a * - 

7} 

f be 3 <b 
~ ~ ~ ar 

; 
it ie 5 * 

on ne — 3 
ohh 

° — ~ a hed m 

~ | 

bev} i“. o 

¥ - - wee - cre ty toe tr ae + toe oe 

- . 4 ans 
: i i ¥® Al c * 

* - 
i ‘ if f.4 

- * iy - , , 
7 s4u aw teed afer. 

; \ ‘ {} jm fT 

7 cl 

% ? 3 : ; 7 ; : ve i RSSA. OV is sle% 

eis doit mv? etab ed? eante #2 Seeipen ois od: Tt 
* 

202 P2Ngey teeold dat Saas Te eod Ten 

® gohan besnoc tee Stew afeat galas 

‘ “ . ; + ) eetol erivstyo a engi t ies @ iatghigen: 6 (aid einen i) 

ee 

rot taottonty 7a over pews, rig cnawtoel | 

i) iyee 

“ers ay : 

ye 

a to mee ‘teat bewt : Sam $8 s@t. 

it, cows oe fen, keow Biger 
ek ated? ble,” * a a

 ti By 
ra 

ar a 
4 

P 
- Sa ian 

i) ae 
' 

vier 
i moh, 

a 



—~69— 

indication of the danger.of accelerated tests.. It would thus appear 

desirable to use.a.water base cutting fluid in machining titanium, not 

for its effect on the rate of wear but rather.for its effect on the 

maximum wear land at which a tool can be operated without risk of sudden 

failure. 

Carbon and Oxygen Content — In order to investigate the influence of 

variations in carbon and oxygen. content upon tool life, the following 

special titanium alloys were obtained. 

Tabie 18. Composition of special. titanium alloys for investigation 
of influence of oxygen and carbon content. 

9° 

Heat N_. Ti N (0) Fe Cc 

5090 99.6 034 is 226 04 

5091 99.5 ,013 220 .26 .01 

5098 99.3 .013 «40 s27 .03 

5089 99.4 013 Z 30 627 
5099 99 4 ‘Ole 2 nett "332 

Values of tool life (L*) are shown plotted in Fig. 51 for a speed of 

345 fpm. 
The basic material (Heat 5090) had a composition very similar to the 

Ti 100A of this investigation (see Table 2), and had a life fr.) very 

similar to that for Ti 100A. The influence of oxygen on tool life is most 

pronounced. The specimen with .4% oxygen had a life of but 1/8 that of 

the base material. The major difference between alloys Ti '75A and Ti-100A 

is seen to lie in the larger oxygen content of Ti 75A (see Table 2) and 

this is believed to be the major cause for the lower life observed for 

Ti 75A. 

The influence of added carbon in the amounts 0.27 and 0.32 is observed 

to be nil. While it has been reported that carbon contents in excess of 

about 0.2 have a serious adverse influence on machinability of titanium 

alloys this was not found to be the case here. The explanation for this 

might lie in the fact that previous workers have added carbon to titanium 
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already significantly alloyed (such as Ti:140A) while in this investigation 

the base material to which the carbon was added was essentially commercially 

pure titanium. 

Representative pictures of worn tools are presented in Fig. 52. The 

first at (a) shows a tool used to cut steel where. the length of contact along 

the tool face is seen to be much larger than for the titanium alloys. 

Photograph (b) is for the base titanium alloy of the carbon, oxygen series 

and corresponds essentially to Ti 100A. Photographs (c) and (d) correspond 

to the .4% added oxygen and .3% added carbon alloys respectively. The high 

carbon alloy is seen to have greater chip surface wear for the same amount 

of clearance face..wear than do the other titanium alloys. This is a detail 

that is not reflected in ordinary wear land studies. 
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Chapter 7 

Results. from Other, Investigations 

The turning of titanium alloys has been discussed in references 

11 to 15, and some of the more significant findings will be abstracted 

here as a matter of convenience. 

A recent report of the U.S. Air Force (11) presents turning life data 

on several titanium alloys. While some of..these results are for highly 

accelerated tests, others are carried to values of tool life that are in 

the practical range. -In Table 19 values of.n and C in the. Taylor equation 

together with values of Veo are given for T-L, HSS, and K~6 carbide tools 

used to machine several titanium alloys. 

Table 19. Taylor constants from Reference. (11 3 

Work Brinell T-1 Hsst K-6 Gacbides 
Hardness — i (i is 3 n C Veo 

9A1, 5Cr0.4C 363 me ae gat 245 108 

130B 341 09 39° R7 °20 300 132 

150A 338 504 61 52 325 440 158 

140A 302 - = = 05 330 179 

75A 187 - - = ol 830 350 

1. Values based.on 0.060 inch wear land; tool.angles: 0, 15, 0, 5, 5, 0.010; 

feed, 0.009 ipr; fluid, 1.25 soluble.oil in water. 

2. Values based on.0.015 inch wear land; tool angles: 0,6, 0, 6, 6, .O040; 

feed, 0.010 ipr; fluid, none. 

3. Taylor plots for missing points were nonlinear. 

The values of n and Veg for carbide tools. are very similar to those of 

this investigation (Table 15). While the HSS. values of V,, in Table (19) 

are considerably higher than those of this investigation due mainly to the 

difference in wear land associated with tool life in each case, the exponents 

(n) in the two investigations are seen to be. in good agreement. 
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In the Air Force Tests cast iron type carbides were considered to 

be better than steel cutting grade carbides... However, the tests upon which 

this conclusion was based were carried out. at speeds. above the practical 

level. As noted in Chapter 6 the. harder saatiiron grade carbides were 

found to be best only at elevated speeds. ..The T-15 type HSS was found to 

be far superior to the M-2 or T-l varieties.in.the Air Force tests. 

All tool life curves in the Air Force report were.not. found to satisfy 

the Taylor equation, even in the practical. .range..of speeds; In the present 

investigation deviation from the Taylor equation was only observed at low 

cutting speeds. Since the Taylor equation may occasionally not hold in the 

range of interest, it is important that. the procedure for finding the | 

economic machining speed be altered to take this into. account. 

A nonlinear tool life curve from page 78 of: the: Air.Force report is 

shown in Fig. (53). The slope of this curve (n) is not constant but may 

be found at each value of (V). Then, when the values of.n are substituted 

in the optimum tool life equation (40) to. obtain (Ts different values of 

(T will be found for each speed instead of a single value as in the 

usual case. In order to find the value of Tm and Vm in such an instance 

it is necessary to plot T vs V and Tm vs V.. The required answer then 

lies at the point of intersection of these two. curves. 

For example, the data in Fig..(53)..are shown replotted on rectangular 

coordinates in Fig. (54) (curve marked T). Then, values.of Tm obtained for 

the variable values of n obtained by measuring..slopes of Fig. (53) are 

plotted against V. Several of these Tm curves are shown in Fig. (54) for 

different values of R. If R is 30 then the.optimum.tool life is seen to be 

23 minutes while the optimum speed is 97 fpm.. The effect of changes in R 

on Vm is evident in Fig. (54) at a glance. This extension of the economic 

analysis enables problems to be readily solved.when. the operating point 

lies on the nonlinear region of the T vs V curve. 

Two tool life vs feed curves are shown in Fig. 55 from page 82 of the 

Air Force Report. In order to understand the shape of these curves it is 

important to note that temperature is the most important item with regard 

to tool life, and that it is because of this that speed has such an important 

influence on life. Since feed has almost an equal affect on tool temperature 
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we should expect tool life to vary with feed in about the same way it 

does with speed. In Fig. 26 a diagramatic sketch was presented showing 

the general type of tool life curve obtained when feed is held constant 

and speed is varied. A similar curve such as:that of. Fig. 56 is to be 

expected if speed is maintained. constant while feed is varied. Depending 

on the speed of the. tests, different. parts of -this curve will be obtained. 

In Figs. (55a and b) the portions of the general curve of Fig. (56) are 

those marked A and B respectively. 

Very freguently.tool life is expressed:.in terms of the volume removed 

instead of time.. If Fig. (55a) is plotted on rectangular. coordinates in 

terms of tool life expressed in volume removed, a curve. as shown in Fig. (57) 

is obtained. It is customary to state that. the. optimum tool life 

corresponds to the maximum value indicated at. point A. Actually, we should 

determine the best feed from economic considerations just as we do for speed. 

An example of how this can be done was given in. Chapter 6. However, in 

this case the curve of T vs t was a straight line on a log-log plot. Since 

the curve in Fig. 55a is nonlinear a method. similar to that just used for 

the nonlinear speed curve must be applied. 

The cost optimum must lie to the right of point A in Fig. (55a) where 

in the expression t rs C the exponent n is just equal to one. If n 
a 1 

is determined for different values of t we may plot Tm (obtained from 
Ms 

equation (43) vs t for different values of the cost ratio R as shown in 

Fig. (58). Also show plotted in this figure is the T vs t curve from 

Fig. (55a). The optimum feed will correspond to. the point of intersection 

of the T and Tm curves. For example, assume the following cost values for 

the operation of Fig. (55a). 

x = Cost of machine and operator including overhead 

= $6 per hour or 10 ¢/min. 

T5 = Down time required to change tools =.2 min. 

Y = Average tool reconditioning cost = 80¢ 

then the value of the cost ratio (R) is 

bearer .Y 
x 

R = 10 
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From Fig. (58) the optimum feed is seen to correspond to .0096 ipr 

and this feed is indicated on Figs. (57) and (55a) by the letter B. 

Actually the speed corresponding to Fig. (55a) is only slightly higher 

than Vm which in this case is found to be about 40 fpm. It may thus be 

concluded that a speéd of 40 fpm and a feed of 0.009..ipr will correspond 

very closely to the cost optimum machining conditions for this combination 

of tool and work material. 

The influence of a change in R can be seen immediately from Fig. (58). 

If the tool regrinding cost (Y) were to increase to 180¢ then R would be 20 

and the best machining conditions would correspond to ae = 35 fpm and 

ts = .0085 ipr. | 

The curve of Fig. (55b) has a slope of one at point A for which t is 

about .014 in. The optimum feed will lie to the right of this point just 

as point B was to the right of point A in Fig. (55a) and (57). The optimum 

feed in this case will probably be .020 ipr or greater. However, the speed 

for Fig. (55b) is 250 fpm which is far above the optimum. For a value of 

R of 30 (carbide tool) the optimum speed Vis is found to be 143 fpm when 

the feed is .010 ipr from the appropriate equation of Table 19. The curve 

of Fig. (55b) should be redetermined for a speed.near 143 fpm. 

In recent paper before the ASME Fersing and Smith (12) have studied 

the machinability of Ti 150A at high speeds and feeds. The authors prefer 

to plot their tool life values in terms of square inches of surface machined 

in order, as they put it, not to unduly concern. the opérator with the short 

tool life values in minutes that are obtained at the high speeds recommended. 

However, in adopting this criterion for tool. life the authors make it impossible 

for their results to be compared with those.of others on an absolute basis, 

since the diameter of the workpiece is not stated. Another unusual feature 

of their tool life studies lies in the use of. the increase in the feed 

force (Fo) as the item used to determine tool life. The life of a tool 

by the procedure. is determined when the Fo force has increased 50 to 100%. 

The weakness of this. method lies in the fact that it fails when a tool craters 
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appreciably or when a large built-up edge is. present on the tool face. Under 

such conditions the force F 
Q 

frequently decreases. rather than increases 

with tool wear. 

Despite these limitations Fersing and Smith make some interesting obser-— 

vations. They observe distinctly parabolic. plots of wear land vs time for 

8647 steel as was found in this investigation for both 1045 steel and all 

titanium alloys. They state that a feed rate of .015 ipr was better than 

e022 ipr which in turn was better than .033 ipr. These statements are 

based on the total amount machined before. tool replacement and as such are 

consistent with the foregoing discussion of the Army feed data. They indicate 

best results with a side rake angle of minus..5°, but it should be kept in 

mind that this corresponds to cutting at high.power levels (high speeds and 

feeds). As in all machining the rake angle may be.increased with a decrease 

in power level. In the tests of this investigation the power level was 

Significantly lower while the best rake angle was-found to be between 

O° and plus 10°. | 

Fersing and Smith advocate either large SCEA (60°) with small nose 

radius (.010 to .020) or zero SCEA with very large nose radius (1/4 inch). 

In either case there is a large effective SCEA which distributes the load 

on the cutting edge over a greater distance and.lessens the tendency for 

chipping. This observation is worthy of note but it should be observed 

that it is usually easier to maintain and recondition tools with large 

SCEA's than with large nose radaii. Fersing and Smith found K-6 carbide 

superior to K-8 but their tests were at unusually high speeds. Softer 

carbides of the steel cutting type should prove better in the practical 

speed range for roughing as previously mentioned. In finishing operations 

where light feeds and very high speeds are the rule then carbides of the 

K-6 or K-8 type should prove of value. 

In a paper before the ASME in December 1953, representatives of the 

Cincinnati Milling Machine Company (13) emphasize the importance of the 

directional properties as produced by rolling upon the chip forming 

properties of titanium alloys. It was clearly demonstrated that when 

titanium sheet was very heavily rolled and not subsequently annealed, the 

chip shape was different depending on the direction of cut relative to the 
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direction of rolling. The bars used in turning investigations, however, 

will show no such drastic variation in texture since in their fabrication 

they are not so highly cold worked and. further the small strains present 

will be symmetrically distributed in the bar. 

It was also stated that. alloying action plays.a significant role in tool 

wear when titanium is machined. Experiments of the Dawihl (14) type, in 

which carbide and titanium specimens are held.in contact in vacuum for a long 

period at high temperature and then examined: for alloy. formation, were cited 

in support of this view. Cast iron grade carbides were found to form less 

brittle alloy layers than the steel cutting types. In -.interpreting such 

results it must be kept in mind that the particular area of chip is in contact 

with the tool a fraction of a second while it is necessary to have contact for 

several hours at chip temperatures to obtain. intermetallic diffusion and 

alloying action in vacuum experiments. 

Considerable work has been done on the machining of titanium at the 

University of Michigan by Professor Colwell and his. associates under an 

Army Ordnance. contract with the Watertown Arsenal (15). The emphasis in 

this work has been upon HSS tools. It was. found that.when unusual care 

was taken to provide a rigid set-up rake angles as high as 30° could be 

successfully.used. The results presented in Table 20 were obtained with a 

T-1, HSS tool under the following conditions: 

Tool Geometry: 0, 28, 6, 6, 6,.15, .010 

Feed: .006 ipr 

Depth of cut: .050 in. 

Table 20. HSS (T~1) Results Obtained at.University of Michigan (15) 

Material Empirical Equation aa © Wormt «i20l;ipr; b= .06 
Equation Veo 

Ti 130B yree’> . Ase _ yr°o!> = 30 22 
A) ea. tb 

Ti 150A wrt = 418 yr°2° = 33 22 chee, 

18-8 S.S. yr°O85 _ 1:52 yr*085 ~ 37.5 62 
6°43, 217 

1045 Steel ypeOl _ Ae25 yr? = 103 85 
4°03, 210 
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The values of the exponent of T are seen to be in good. agreement with 

those of Table (15) of this investigation. The influence of b (the depth 

of cut) on tool life is seen to very slight. The values of Veo for the 

two titanium alloyg are also seen to be very close to the HSS value of 

Table 15. 

Improved results were obtained when the nose radius was increased to 

a value of approximately half the depth of cut (usually b/2 = 0.025 in). Water 

base cutting fluids were: found useful, including a 5% solution of sodium 

nitrite in Water. When such a solution which is very useful in grinding 

titanium alloys was tried in this investigation it was not found better 

or worse then other water base cutting fluids. 
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Fig. 1. Ultimate and yield stress Fig. 2. Variation of Young's 
values in tension for titanium Moculus of Elasticity and hardness 
alloys and 18-8 stainless steel with temperature for titanium 
tested at different temperatures alloy Ti-100A (data from ref.2). 
(data from ref. 1). 
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Fig. 3. Arrangement of atoms in Fig. 4. True stress-true strain 
the structural forms of titanium tensile data for titanium alloys 
a.) Hexagonal close packed and other metals. 

structure 
b.) Body centered cubic structure. 
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Fig. 5. Torsion test results for Fic. 6. Charpy impact - tempera- 

titenium alloys and other metals. ture curves for titanium alloys 
and 1020 steel. 
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Fic. 7. Meyer hardness curves for titanium alloys and other metals. 
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Fic. & Inhomogeneous titanium chip. Work material RC130B cut at 175 fpm 
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Fig. 9. Rewelded discontinuous Fig, 10. Continuous titanium chip 

titanium chip. Work material, produced at 50 fpm. Tool face 

Ti 75A cut at 1 in/min; 120x. side of chip is on left. 
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Fig. 11. Variation of power 
component of cutting force 
ce) with speed at constant 
feed rate. Work material, 

Ti 140A; depth of cut, 0.06 el ot 
in; cutting fluid, none; tool if as 
materiel, K-6; tool geometry: 
0,6, 6, 6; .01. | F, 

R 

Fig. 13. Forces acting on tool point. 

Fig. 14. Type of wear data 
obtained by Burwell and Strang(7) Fig. 15. Development of crater and 
when two loaded surfaces were wear land on chip and clearance 

operated in sliding contact. faces of a tool respectively. 





log V 

Fig. 17. Nature of curve 
obtained when length of work 
traversed for given wear land 
(L*) is plotted against 
cutting speed (V) using log- 
log coordinates 

Fig. 16. Typical wear curves with 
distance of work traversing tool (L) 
plotted against size of wear land (w) 
for different constant values of 
cutting speed (V). 

DEPTH OF GUT =» GUTTING 
1 EDGE 

WEAR LAND 

CLEARANCE FACE 

Fic, 18, Plan view of clearance 
face of worn tool showing representa- 
tive variation of extent of wear 
land elong cutting edge with maximun 
wear lend w in the vicinity of 

point A. 

Fig. 19. Schematic wear 
curve for titanium 

cutting test where wear 
land (w) is plotted 
against distance (L). 

02 

In. 

O16 

ce) ie) 

Fig. 20. Wear curve for 
Ti 140A cut at 150 fpm 
using K-6 carbide tool. 
Feed, C.0104 ipr; depth 
of cut 0.06 in; cutting 
fluid, none; tool 
geometry: 0, 10, 5, 5, 

26 s2x100 65, 0, .015. Note 
DISTANCE L, ft. excessive chipping at 

point A. 
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Fiz. 21. Photograph of 
wear apparatus used to 
study the wear 
characteristics of 
titanium - tool 
material combinations. 

2a SM 

: Fig. 22. Wear apparatus 
d | 

| i a.) Relative position of 

CUM LD 2 tool and work components, 7H 
b.) Nature of wear scar 
left on tool specimen of 
diameter ad. 

x10 

iO0O0 

g. 23. Wear curve for 
K-6 carbide slider on 
Ti 140A specimen, 
Norme]. force (N) 7 lds; 
sliding speed, 170 fpm; 
fluid, none. 
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SLIDING DISTANCE L, et. 

Fig. 24. Wear curve for K-6 carbide 
siider on Ti 140A specimen. Normal 
load (N), 7 10s., slide speed: A= 
85 fom, © = 140 fpm, ©=165 fopn., 
fluid, none. 

Fig. 28. 
method of measuring mean cutting 

tool tenperature. 

ope 
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= ; 
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200 400 600 800 

SLIDING DISTANCE L, ft. 

Fiz. 25. Wear curve for different tool materials 
sliding on Ti 140A. Normal load (N), 9 lbs.; 
sliding speed, 150 fpm; fluid, none. 

Heat sources in the 
vicinity of the tool point. 

COPPER DISC 

Tool-chip thermocouple 

logL 

log V 

Fig. 26. Schematic 
representation of tool 
life ~ speed curve 

extending from very low 

to very high values of 
speed. 
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Fig. 29. Method of 
calibrating tool-—work 
thermocouples. 

are: YE a.) photograph 
oe Ye eto b.) schematic diagram : oa 
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on Jz ~ 
eo CHROMEL- 

p p eae) ALUMEL 
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20 

“0 
fe) S| 
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Fig. 30. Calibration 
curves for representa- 

5 tive tool-work thermo- 
couple combinations. 
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Fie. 20 
(continued) 

Work materials: 

Curves (1) Ti-75A4 
wt (2) Ti-1004 

(3) Ti-140A 
(4) SAE 1045 steel 

Tool materials: 
Plot (a) K-6 carbide 

Cb) ek=25 9 tt 
(c) K-8 " 
(a) T-1 HSS 
(2) M-2 HSS 

1000 1500 

TEMPERATURE °F 
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Fig. 31. General view of low speed cutting apparatus showing two channel 
strain recorder on left and milling machine in foreground. 

— 

Fig. 32. Close-up view of tool, workpiece, and dynamometer used in 
low speed cutting tests. 
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Ny Ww S 

U, In.LB./cu.IN. 

U, inte/cu.in. 

U, 1N.LB./CU.IN. 

of = 15° 
V =|2 Fem Fic. 23. Variation of 

energy per unit volume 
with depth of layer 
removed (t). Tool 
materiel, 18-4-1 HSS. 
a.) For Ti 140 A. 
b.) For C1112 steel 

o& =30° 

ae) 

CE TY ayo he 

ie IN. 

V=12 FPM 

DRY 

Fig. 24. General 
view of apparatus 
used in turning 

studies. 
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Fig. 35. Method used to 
exanine tool faces in 

tool wear studies. 

Fiz. 36. Macroscopic chip pictures. 

ae) Test 1 - Ti 140A cut at 150 fpm, 0.0104 ipr feed 

Db.) Test 2 — Ti 140A cut at 100 fom, .0052 " " 

ce) Test 3 - 1045 steel cut at 100 fpm, 9.0052 ipr feed 

d.) Test 4- 1045 " nm 150 fpm, .0104 " " 
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ce) 

Fig. 37. Microscopic chip pictures 

Py petest 2 Ti LAOA cut at 150 fom, 0.9104 ipr feed 

peyeeteatee ri 140A cut at 100 fpm, .0052 * i" 

c.) Test 3 - 1045 steel cut at 100 fpm, 9.0052 ipr feed 

dpa test 4+ 1045." " 150 fpm, .0104 " " 
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Fig. 38. Reproductions of 
plastic replicas of machined 
Ti 140A and 1045 steel 
surfaces. Magnification, 10x 
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ee) 1045 STEEL 

Fig. 39. Representative 
wear lend curves for 

Ti 140A and 1045 steel. 
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Fig. 40. Representative tool life data for Ti 140A and SAE 1045 steel. 
Tool material: K-6 carbide (Ti-140A) and K-2S carbide for SAE 1045 steel; 
feed, 0.0104 ipr.; depth of cut 0.960 in. Tool geometry: 0, 0, 5, 5, 9, 
0.915; cutting fluid, none. 
a.) L7 vs V plot be)o dos Tavsiloe ¥ plot 
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Fig. 41. Diagramatic 

representation of general 

tool life curve. 

TOOL LIFE, T, min. FOR .O1S" WEAR LAND 

CARBIDE 

Fis. 42. Comparison of tool life results for 
Ti 140A and 1045 steel cut at 20 fpm using 
carbide and HSS tools. Tool material, 
HSS = 18-4-1, carbide = K-25 cutting fluid, 
none; feed, .O104 ipr; depth of cut 9.06 in. 
LOOumebOma try Oi eUa 5 Say. 54° 5°, 0». 015 ine 

Fig. 43. Photographs of worn tools. Upper yiew, shows chip face, lower 
view shows clearance face. Tool geometry: 0,0,5,5,5,0, 0.015. 
a.) K-~6 carbide tool used to b.) K-2S carbide tool used to 

cut titanium alloy at cut 1045 steel at 485 fpm; feed, 
345 fom; feed, 0.0104 ipr; 0.0104 ipr; depth of cut, 060 in; 
depth of cut 0.06 in., wear land, 0145 in.; cutting 
wear land, 0.014 in., fluid, none. 
fluid, none. 
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ai 5 5 = 4ofs 
Paar e us 5 O° 
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CUTTING SPEED, V, fom. fo) 

ACTUAL LIFE L™ Fig. 50. Relative a eat soeiommenan LIFE WITHOUT CHIPPING L machinability of 

Fig. 48. Tool life curves for several titanium alloys 
HeS and stellite tools. fee eum aon 2 LOAD 

steel, Basis for compar- 
ison is economic machin- 
ing soeeds. 

120 

Ti l|40A 

u,inib/cu.in 
i) 100 200 300 0 100 200 300 

CUTTING SPEED, fom. 

Ti 75A 

TiIOOA 

fom 
Til40A = 

100 200 300 

CUTTING SPEED, fpm. 

Fiz. 49. Cutting 

Characteristics of 

several titanium alloys. 

Fig. 51. Machinability 
characteristics of 
titanium alloys contain- 
ing added oxygen and 
carbon at 345 fpm cutting 
speed. 
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Pit. 526 
a.) 

b.) K-6 carbide tool 
feed, .9104 ipr; 
fluid, none. 
K-~6 carbide tool 
feed, .9104 ipr; 
none. 
%-4 carbide tool 
feed, .O104 ipr; 
none. 

Photographs of worn tools. Tool geometry: 0, 0, 5, 5, 5, 0.915. 
K-25 carbide tool used to cut 1045 steel at 485 fpm; feed, .9104 ipr; 
depth of cut, 0.06 in; wear land, .0145 in; cutting fluid, none. 

used to cut heat number 5090 titanium alloy at 345 fpm; 
depth of cut, .960 in; wear land, .914 in; cutting 

used to cut heat number 5090 titanium alloy at 345 fpm; 
depth of cut, .060 in; wear land .0195; cutting fluid, 

as to cut heat number 5099 titanium alloy at 345 fom; 
depth of cut .960 in; wear land .915 in; cutting fluid, 





e 

S E 
= é 

5 : 
ri S 
ZJ 

= 
°o 
oO 
= 

(00 300 500 1000 

CUTTING SPEED V, fpm. 

Fic. 53. Tool life curve for RC 130B. 

(382 BHN) cut with 78 carbide tool; 
0, 6, 5, 5, 6, .040; feed, 0.009 ipr; 

depth of cut, 0.962 in; cutting fluid, 

none; wear land, 0.015 in. (From Air 

Force Report, reference 11). 

Fiz.955- 

TOOL LIFE,T, min 

002 .005 Ol 02 

Feed, ¢, ipr. 

50 = 
50 30 20 10 

40 Tm, 

30 

20 

ie) 40 80 120 160 

sPEED,V,.fpm. 

Fig. 54. Plot for determining 
economic speed corresponding 
to data of Fig. 52. 

Tool life curves from Air 

Force Report (reference 11). 
a.) Work, Ti 140A; tool, T-1 HSS; 

geometry, 0, 15, 0, 5, 5, 0.005; 

cutting speed, 50 fpm; depth of 
cut, 9.062 in; cutting fluid, 
soluble oil, 1 to 25; wear land, 

0.06 in. 
b.) Work, Ti 150A; tool, K-6 carbide; 

geometry, 0, 6, 6, 6, 6, 040; 
cutting speed, 250 fpm; depth of 
cut, 0.062 in; cutting fluid, none; 
wear land, 0.015 in. 
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Fig. 56. Schematic representa- Fig. 57. Fig. (55a) replotted 
tion of general variation of on rectangular coordinates with 
tool life with feed rate when tool life expressed as volume 
cutting speed is held constant. of metal removed. 
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Fig. 58. Plot for determining economic feed 
corresponding to data of Fig. (55a). 
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